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Abstract
Nowadays most of the newly installed pipe for water and gas distribution systems
is extruded from PE. Once a PE grade has been selected for pipe production,
processing conditions control the properties and performance of the finished pipe.
The aim of this study is to investigate the development of residual stresses during
post-extrusion cooling, and the effect they have on the pipe performance.
A comprehensive simulation of the cooling process considering temperature depen-
dent thermal properties is presented. The development of crystallinity is predicted
by coupling the heat transfer analysis to a kinetic model of crystallisation. Using
the residual temperature field concept, the residual stress distribution through the
pipe wall is found. Different techniques to measure residual stresses such as ring
slitting and layer removal are compared experimentally, and a method is proposed
to resolve a very localised region of high compressive stresses at the outer sur-
face of the pipe. Shell theory is used to predict barreling: the tapering of the
pipe wall near the cut ends due to the release of residual stresses. It was found
that these variations in diameter could increase the gap between the pipe and the
electrofusion fitting, which could in turn reduce the strength of the joint and the
integrity of the pipeline. The effect of residual stresses on Rapid Crack Propa-
gation (RCP) is also investigated. Because thermal history determines not only
residual stresses but also crystallinity, two experimental techniques were used to
heat treat the pipes to modify one variable at a time and investigate its effect on
RCP separately. It was found that the effect of crystallinity is not as significant
as that of residual stresses. Lower critical temperatures were found for pipes with
lower residual stresses. A qualitative explanation for this transition is offered in
terms of crack shape.
“Hasta aqu´ı me ha ayudado el Sen˜or”
(Thus far the LORD has helped me)
1 Samuel 7:12
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Chapter 1
Introduction
Developed as a substitute for rubber in electrical insulation applications in 1933,
polyethylene (PE) is nowadays one of the world’s most used thermoplastics. It has
been used as a piping material since the mid 1950s, supplying various industries
with a flexible, lightweight and tough product. PE is used in a wide range of piping
applications including natural gas distribution, municipal water and sewerage,
industrial, mining, landfill, and electrical and communications duct applications
[31] and it is also effective for above ground, buried, trenchless, floating and marine
installations.
Over the years PE pipes have continuously gained approval, and sources estimate
that in many countries more than 90% of newly installed pipes for low pressure
liquid and gas systems are extruded from PE, leading to an estimated worldwide
production of 18 million tonnes in 2010 [23, 32]. PE pipes offer several advantages
such as low cost, corrosion and chemical resistance, fatigue resistance, toughness,
durability, leak-free fully restrained joints, ease of installation and maintenance.
However, despite all these advantages and the better performance of PE pipes
over other pipe systems, failures in the field have been reported [33–35]. The
most common failure mode in the pipe itself is slow crack growth (SCG), a long
term localised type of failure. Rapid crack propagation (RCP) in the other hand
is characterised as the least probable type of failure, hardly ever seen in service,
18
Chapter 1. Introduction 19
but can actually occur at any time affecting a significant length of pipe and with
potentially more catastrophic consequences.
RCP describes a crack extending along a pipe for extensive distances at speeds
greater than 100 metres per second. The rapid escape of compressed gas in such
an event has great destructive potential, which has prompted detailed research in
the field for the last four decades [23, 36]. Common sources of crack initiation in
plastic pipelines are the growth of a slow crack or fatigue crack to a critical length,
defective fusion joints or third party damage. Once RCP has initiated, it will
either arrest or, if the surrounding structure is able to sustain the crack driving
force without running out of energy [34], settle to a steady state propagating
indefinitely.
Because third party damage (surrounding materials, stones, excavation equipment,
etc.) cannot be completely anticipated, crack initiation cannot be prevented and
the risk of RCP failure cannot be eliminated. Therefore, to prevent possible failures
it is necessary to design against RCP to ensure that a fast running crack will always
arrest, even under the most extreme operating conditions.
Although thermoplastics are known for being very tough materials they are sus-
ceptible to impact fracture, i.e. RCP. The ability of the polymer to exhibit plastic
deformation and to resist a load without failure depends on the operating or testing
conditions (temperature, pressure, type of load) and on material properties such as
molecular weight, polydispersity, packing, chain entanglements, crystallinity and
residual stresses [37], which are not only determined by the polymer grade, but
also by the processing conditions.
The morphology, crystallinity and residual stresses within a pipe are determined
during post-extrusion cooling. The size, dimension and distribution of the crys-
tallites developed upon cooling from the melt determine mechanical properties
such as yield stress and elastic modulus. The morphology and crystallinity of
the polymer also determine its drawing capabilities and thus its plane stress frac-
ture behaviour, which has a direct effect on RCP resistance. Cooling conditions
also determine the residual stresses in the pipe, which have a significant effect on
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the material properties and the pipe performance. It has been suggested [23] that
residual stresses help to resist crack propagation through the released moment that
tends to close the flaring pipe wall. However, it has also been reported [38, 39]
that the relaxation of residual stresses through annealing results in a significant
improvement in RCP performance, which can be attributed to the decrease in
stored residual strain energy prior to crack propagation.
Which of these opposite effects have a major impact on RCP resistance is still
unclear and has become a subject of great interest over the last years.
1.1 Scope of the project
The main objective of this project was to investigate the effect of residual stresses
on the performance of PE pipes. The first stage of the project was dedicated to the
numerical and experimental determination of residual stresses, while the second
stage focused on evaluating the effects of residual stresses on RCP resistance and
also on the pipe deformation near the cut ends which can affect electrofusion (EF)
joining.
Because residual stresses are set up during solidification from the melt, it was
important to determine the thermal history of the polymer during post-extrusion
cooling. This was done through a comprehensive simulation of the cooling process,
including not only the heat transfer equations, but also a model for nonisothermal
crystallisation. The residual temperature field concept was incorporated to the
analysis to predict the residual stress distribution throughout the pipe wall. In
order to validate the model, residual stresses were experimentally determined by
the layer removal method.
When applying the layer removal method, a relatively significant deformation in
the axial direction was noticed, which was later highlighted as a possible incon-
vinience for EF joining. When a pipe is cut to length, residual stresses set up
during cooling are released causing local bending. This causes the cut ends to
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taper inwards, reducing the diameter of the pipe and giving the cut end a barrel
shape. The fact that these variations in diameter can decrease the strength of
EF joints by increasing the gap between the pipe and the EF fitting prompted its
investigation.
Small scale steady state S4 tests were performed to determine the RCP perfor-
mance of pipes with different levels of residual stresses. Pipes were annealed for
different periods of time in order to have a larger number of specimens. Because
both crystallinity and residual stresses are dependent on thermal history, two ex-
perimental techniques were used to heat treat the pipes in order to modify just
one of these variables at a time, and investigate its effect on RCP separately.
1.2 Thesis outline
The thesis is divided into eight chapters. After this introductory chapter, it is
organised as follows:
• Chapter 2 provides background information about PE pipes. It reviews the
structure of polyethylene and describes the nucleation and growth mecha-
nisms during crystallisation. Basic models for isothermal and nonisothermal
crystallisation are described. The pipe extrusion process is explained and the
effects of processing conditions on crystallinity, residual stresses and other
variables are discussed briefly.
• Chapter 3 presents a comprehensive simulation of the post-extrusion cooling
process in PE pipe manufacture. A one-dimensional heat transfer analy-
sis using a control volume method and explicit finite difference equations is
used to model the cooling process, taking into account temperature depen-
dent thermal properties. A kinetic model of crystallisation, which considers
growth site impingement and incorporates homogeneous and heterogeneous
nucleation terms, is coupled to the analysis to predict the evolution of crys-
tallinity within the pipe. The model is extended to bilayered pipes, having
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a high performance PE100 wall with a peelable PP skin. Results are pre-
sented for thermal history, crystallinity profiles and temperature gradients
at solidification.
• Chapter 4 introduces the residual temperature field concept and incorporates
it to the post-extrusion heat transfer analysis from the previous chapter to
predict the residual stresses set up in the pipe during cooling. Different
experimental methods to measure residual stresses are investigated and a
technique is proposed to measure surface stresses more accurately. The effect
of thermal history on the development of residual stresses is discussed, and
predicted and experimental results are compared. Residual stress relaxation
by annealing is also investigated.
• Chapter 5 analyses the effect of residual stresses on the ‘barreling’ of the
pipe: the variations in diameter near the cut ends due to the release of
residual stresses by a bending moment. Shell theory is used to calculate these
variations in diameter and results are validated with experimental data. The
analysis is extended to bilayered and annealed pipes. The effects of barreling
on electrofusion joining is discussed in terms of common procedures and
standards.
• Chapter 6 investigates the effects of residual stresses on the RCP resistance
of PE pipes. S4 critical temperatures were determined for pipes with dif-
ferent thermal history, including annealed specimens. In order to separate
the effect of crystallinity on RCP from that of residual stresses, two differ-
ent experimental techniques were used to modify one of the variables while
maintaining the other almost unchanged. Results are discussed based on
existing RCP models.
• Chapter 7 investigates the RCP performance of bilayered pipes. The effects
of residual stresses are considered as well as those of skin thickness and
adhesion between core and skin materials.
• Chapter 8 summarises the thesis, presenting the main conclusions of this
study and offering some suggestions for future research.
Chapter 2
Review of polymer structure and
processing
2.1 Polymer structure
Polyethylene is a petroleum based hydrocarbon produced by the linking of thou-
sands of monomeric units of ethylene. The chemical reaction is always the same
regardless of the polymerisation process, but variations can be introduced by grow-
ing long or short chain branches to the main structure [40]. The degree of chain
branching is an important factor affecting mechanical properties of the polymer
such as tensile strength, draw ratio, impact fracture toughness and stiffness as well
as being an immediate index of the material’s density and crystallinity.
Low density polyethylene (LDPE) is synthesised under high pressures and temper-
atures, which results in a softer material with short chain branching, lower density
and lower melting temperature. High density polyethylene (HDPE), on the other
hand, is synthesised at lower pressures and temperatures using a catalyst such
as the Ziegler-Natta, which results in an almost unbranched polymer with higher
density, crystallinity and stiffness than LDPE [41].
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Figure 2.1: Molecular weight distribution for a bimodal PE100 [1]
2.1.1 Molecular weight
Molecular weight describes the chain length of a polymer and has an immediate
connection to its mechanical properties. During the polymerisation process, not all
the chains will grow to the same length, leading to a distribution of chain lengths
or molecular weights within the polymer. This distribution is usually expressed
as an average value, which may be determined by the measurement of physical
properties such as viscosity and osmotic pressure [3].
Figure 2.1 shows the molecular weight distribution (MWD) of PE100 (a HDPE
with a minimum required strength MRS of 10 MPa). Two peaks can be observed,
a result of its two-stage polymerisation process, and thus it is designated as a bi-
modal PE. The importance of a bimodal polymer lies in combining the advantages
of both short and long chains. Short chains increase the processability of the poly-
mer while long chains increase the impact toughness of the material due to the tie
molecules and entanglements which act as energy dissipation mechanisms [40, 42].
Also, bimodal materials exhibit higher creep strength, stiffness and resistance to
slow crack growth and environmental stress cracking [42].
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Figure 2.2: Fringed-micelle model for semicrystalline polymers [2]
2.1.2 Microstructure
A semicrystalline polymer such as PE consists of highly ordered crystalline regions
suspended in an amorphous phase composed of randomly oriented molecules. The
fringed-micelle model is the earliest and simplest model of a semicrystalline poly-
mer [2, 43]. In this model polymer chains meander out of one crystal into the
amorphous matrix and then into a neighbouring crystal (Fig. 2.2). The chains are
long enough to pass through several crystals, binding them together. This model
explains the behaviour quite well if the amount of crystallised material is less than
about 50% [43].
The structure of crystalline regions in highly crystalline polymers, such as PE,
is usually investigated by examining single crystals grown from dilute solutions.
These well-defined polymer crystals are regularly shaped lamellae approximately
10–20 nm thick and of the order of 10 µm long [3], that will commonly form
a multilayered structure. The molecular chains within each lamella are folded
together as illustrated in Fig. 2.3a.
In a melt, however, chain entanglements are present and thus many semicrys-
talline polymers that are crystallised from a melt form a spherulite structure,
which contains both amorphous material and chain-folded crystallites (Fig. 2.3b).
Spherulites consist of chain-folded crystallites (lamellae) that radiate outward from
a nucleation site in the centre. As crystallisation continues, spherulites meet and
impinge on one another forming interspherulitic boundaries, which are likely to
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Figure 2.3: Polymer crystals: (a) folded-chain lamella and (b) spherulite
structure [3]
contain amorphous material rich in any impurities and non crystallised material
such as plasticisers, fillers and dyes [43].
Spherulitic growth is highly dependent upon the molecular weight. Long chain
branches and entanglements resist chain movement and any degree of order, which
makes difficult the development of lamellae and therefore suppresses spherulitic
growth.
2.2 Polymer crystallisation
Crystallisation is the primary mechanism of solidification for more than half of
the worlds plastics production [6]. The degree of crystallinity and the size and ar-
rangement of the crystals have a great effect on the properties of the polymer, and
crystallisation has therefore, been a subject of great interest for several decades.
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Figure 2.4: Evolution of relative crystallinity as a function of crystallisation
time for PPT [4]
2.2.1 General observations
Some typical isotherms representing the crystallisation process in polymers are
illustrated in Figure 2.4. The sigmoidal shaped isotherms are characteristic of the
overall crystallisation of all homopolymers [7]. Several regions can be observed
in the isotherms where the crystallisation rates vary with crystallisation time.
Initially, when the polymer sample is quickly cooled from the initial temperature
(above the melting temperature) to the crystallisation temperature, there is a
time interval during which no crystallinity is observed. This is the induction or
incubation period. After this period, crystallisation starts and it proceeds at an
accelerating rate. Finally, the process slows down as a pseudo-equilibrium level of
crystallinity is approached [7].
From Figure 2.4 it is also evident that crystallisation rates decrease with tem-
perature as it approaches the melting temperature, Tm. When the crystallisation
process is conducted in a range of temperatures limited by the glass transition
temperature, Tg, and Tm the crystallisation rate follows a bell-shaped pattern as
shown in Figure 2.5. At temperatures in the vicinity of Tg the crystallisation
rate is very low because of the high viscosity of the melt. As the temperature is
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Figure 2.5: Crystallisation rate as a function of temperature [5]
increased, the rate increases and it passes through a maximum. At higher temper-
atures the crystallisation rates decrease again as Tm is approached by diminishing
the thermodynamic drive [5, 27].
2.2.2 Isothermal crystallisation
Polymer crystallisation from the melt can be divided in three stages [27]: primary
nucleation in which a crystalline nucleus is formed in the melt state; growth of
the crystal in which a new layer grows on the face of the existing one, also known
as secondary nucleation; and secondary crystallisation during which the already
formed lamellar crystals increase in crystallinity and thickness.
2.2.2.1 Nucleation
As the melt cools down, the molecules will tend toward their lowest energy con-
formation, which favours the formation of ordered chains. The creation of a stable
nucleus from the entangled polymer melt is the result of this chain arrangement
and is stimulated by intermolecular forces. Nucleation can be a homogeneous or
heterogeneous process. Homogeneous nucleation occurs randomly in space and
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Figure 2.6: The size-dependent change in free energy [6, 7]
time. However, heterogeneous nucleation is more common, when nuclei form pref-
erentially on foreign particles, mould walls, cavities or specifically added nucleat-
ing agents [6, 7]. Although heterogeneous nucleation is predominant, analysing
homogeneous nucleation provides a deep insight into the involved principles of
nucleation.
In a homogeneous nucleation process, there are two competing free energy changes:
an increase in the free energy because of the creation of a new crystal surface and
a decrease in free energy because of the reduction of the volume of the system.
As a result of these competing effects, a free energy (∆G) vs nuclei size (r) curve
is obtained as illustrated in Figure 2.6. Small nuclei, with a size smaller that r∗,
are unstable and since ∆G increases with r they will disappear from the system.
However, if a nucleus exceeds this critical dimension it can then grow easily because
∆G now decreases as r increases. Thus, ∆G∗ represents the free energy barrier
that must be surmounted to develop a stable new nucleus [7].
Turnbull and Fisher [44] derived an Arrhenius-type expression for the temperature
dependent nucleation rate
I∗ =
NknT
h
exp
(
−∆G
∗ + ∆E
knT
)
(2.1)
where N is related to the number of crystallisable elements and ∆E is the activa-
tion energy for chain transport.
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Figure 2.7: Fraction of solidified polyethylene as a function of undercooling
[8, 9]
In polymers, as the temperature is lowered from the melting temperature Tm, a
rapid decrease in ∆G∗ and a slow increase in ∆E is observed, which causes I∗ to
increase. As the temperature continues to be lowered, the increase in ∆E becomes
more significant than the decrease in ∆G∗, resulting in a decrease in I∗. Therefore,
there is a maximum in I∗, which is related to the ease with which crystallisable
elements can cross the phase boundary [27].
For the case of heterogeneous nucleation, the mechanism of formation of a nucleus
on a foreign surface is similar to the homogeneous one. However, a pre-existing
surface considerably reduces ∆G∗, which decreases the critical size of the nucleus
and results in the formation of nuclei at lower undercooling.
Cormia et al. [8] delineated the four regions of nucleation in PE:
• From the melt to 125◦C: no nucleation
• From 125–100◦C: heterogeneous nucleation
• From 100–85◦C: second heterogeneous nucleation
• Below 85◦C: homogeneous nucleation
This data was obtained at 0.17◦C/min. The fraction of solidified PE as a function
of undercooling is shown in Fig. 2.7 where the four nucleation regions can be
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observed. Note that only about 5% of the nuclei crystallised above 100◦C, however,
they usually represent the larger nuclei (∼30 vol. %). Between 85 and 87◦C more
than 50% of the nuclei solidified.
2.2.2.2 Crystal growth
The Lauritzen-Hoffman (LH) theory [45] has been the dominant growth theory
for polymer crystallisation for the last few decades. According to their theory, the
formation of a secondary nucleus and the growth of the crystals with folded chains
can be regarded as a sequential addition of chain segments [10, 27]. The LH theory
considers the attachment of a segment from the melt to a crystallisation unit and
the energetic cost of the creation of new surfaces. It provides expressions for the
linear growth rate as a function of the degree of undercooling.
The LH theory introduced three extreme cases or regimes: I, II and III. They are
illustrated in Fig. 2.8. Regime I is characterised by the fact that lateral growth
rate is significantly greater than the rate of formation of secondary nuclei. At high
crystallisation temperatures Tc, the nucleation rate is so low that one attachment
is enough for the completition of the substrate (2.8b). On the other hand, at lower
Tc the rate of nucleation is so high that the attachments on the substrate have
little space for lateral growth and, therefore, this regime (III) is characterised by
prolific multiple nucleation (Fig. 2.8d). Regime II (Fig.2.8c) is the intermediate
growth mechanism: multiple nucleation occurs, but the attachments or nuclei can
spread laterally.
These regimes do not depend only on the temperature, but also on molecular
mass [27]. Increasing the molecular mass activates Regimes II and III at higher
temperatures.
2.2.2.3 Basic models for isothermal crystallisation
The ‘free growth’ model, proposed by Gler and Sachs, assumes that once a nucleus
is initiated it grows unrestrained by the initiation and growth of other nuclei [7, 46].
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(a) Single nucleus
(b) Regime I
(c) Regime II
(d) Regime III
Figure 2.8: Growth of polymer crystals according to regime I, regime II and
regime III. Each square corresponds to the cross-section of a stem [10]
If N ′ is the steady-state nucleation frequency per unit of untransformed mass, and
w(t, τ) is the mass at time t of a given nuclei that was initiated at time τ(τ ≤ t),
and that grew without restriction, then
1− λ(t) =
∫ t
0
w(t, τ)N ′(τ)λ(t)dt (2.2)
where, λ(t) is the fraction of untransformed material at time τ . Equation 2.2 can
be alternatively written as
1− λ(t) = ρc
ρa
∫ t
0
ν(t, τ)N(τ)λ(τ)dt (2.3)
where N(τ) is the nucleation frequency per unit of untransformed volume, ν(t, τ)
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Nucleation
Linear growth Homogeneous Heterogeneous
Three-dimensional 4 3
Two-dimensional 3 2
Mono-dimensional 2 1
Table 2.1: Avrami exponent m for particular mechanisms of nucleation and
linear growth [27]
is the corresponding volume of a growing nuclei, and ρc and ρa are the densities
of the crystalline and amorphous phases.
In order to solve the equation it is necessary to specify the nucleation and growth
processes. Because the effect of growing nuclei upon one another is neglected,
no mechanism has been imposed to stop the crystallisation process, which is an
obvious shortcoming of this model. Avrami [47, 48] analysed this problem and
proposed a theory that has been widely applied to polymers. He addressed the
impingement problem through the introduction of the ‘phantom nuclei’ and ex-
tended volume concepts and Equation 2.3 becomes
1− λ(t) = 1− exp
[
−ρc
ρa
∫ t
0
ν(t, τ)N(τ)dt
]
(2.4)
Equation 2.4 is the basic Avrami relation, the integral can be evaluated by spec-
ifying the nucleation and growth processes. A popular derived Avrami equation,
assuming constant nucleation rate and constant linear growth, is
vc(t) = 1− λ(t) = 1− exp [−κtm] (2.5)
where vc(t) is the relative crystallinity, κ is the rate constant and m is the Avrami
exponent. These constants contain information on nucleation, linear growth rate
and crystal geometry. In Table 2.1 the values of m for particular mechanisms of
nucleation and crystal growth are summarised.
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2.2.3 Nonisothermal crystallisation
Generally, the kinetics of crystallisation in polymers has been studied considering
isothermal processes. In these idealised situations in which external conditions are
constant, the theoretical analysis is relatively easy and problems related to cooling
rates and thermal gradients within the specimens are avoided [5, 27]. In real
situations, however, the polymer is cooled down at different rates and with high
temperature gradients, which makes the treatment of nonisothermal crystallisation
more complex.
The majority of the methods developed to study nonisothermal crystallisation
processes are based on modifications of the Avrami equation (Eq. 2.4). In his
first attempt to model the crystallisation of polymers, Ziabicki proposed that the
nonisothermal process can be thought of as a succession of isothermal steps [5, 7].
The proposed equation is a series expansion of the Avrami equation and can be
used when the ratio between the nucleation rate and the growth rate is constant
with time (isokinetic approximation). The drawback of this theory is that it can
only be applied in the range of temperatures where isothermal data is available.
Nakamura and coworkers [49] assumed isokinetic conditions and derived the fol-
lowing equation
vc(t) = 1− exp
[
−
(∫ t
0
κ′(T )dτ
)m]
(2.6)
where κ′ is related to the Avrami constant κ through κ′ = κ1/m. The drawback
of their model is that it does not consider the effect of the induction time [50].
However, Hieber [51] suggested that there is no need to explicitly incorporate
induction time in the Nakamura equation.
Ozawa [5] modified the Avrami equation to incorporate the effect of a constant
cooling rate. The degree of crystallinity at temperature T can then be obtained
from Equation 2.7, where κ∗ is the cooling crystallisation function and X the
cooling rate:
− ln [1− vc(T )] = κ
∗(T )
Xm
(2.7)
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However, Ozawa assumed that all the crystallisation takes place under Regime I
and ignored secondary crystallisation. To account for secondary crystallisation,
Dietz proposed the following equation
dvc
dt
= mvc(t)(1− vc)tm−1 exp
[
− γvc
1− vc
]
(2.8)
where the parameter γ lies between zero and one.
Phillips and Ma˚nson [52] developed a model to describe nonisothermal crystalli-
sation based on two modified Avrami equations. It represents both homogeneous
and heterogeneous nucleation and growth processes. The predicted evolution of
the absolute crystallinity has shown good agreement with experimental data ob-
tained for a wide range of cooling rates. This model will be described in more
detail in Section 3.2.2.
2.2.4 Degree of crystallinity
Crystallinity is defined as the mass or volume fraction of a sample in the crystalline
state. Many semicrystalline polymers are between 40 and 75% crystalline [53],
which means they are a composite of fully crystalline material and an amorphous
matrix. The maximum crystallinity that can be achieved depends significantly
on the molecular structure of the polymer, with symmetrical chain molecules giv-
ing the highest crystallinities. Also important are the molecular weight, branch
content and the thermal history during solidification, which will determine the
nucleation and growth mechanisms of the crystals.
The most popular methods for determining the degree of crystallinity are by den-
sity measurements, thermal analysis and X-ray methods [10, 54]. The density of
a semi-crystalline polymer will be between that of a fully amorphous and fully
crystalline sample and therefore, the basis of the density measurement technique
is to measure the density of the polymer sample and compare it with the reported
densities of fully amorphous and crystalline phases. Density can be determined
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by flotation methods, density columns or the use of a pycnometer. The weight
fraction degree of crystallinity is calculated as
Xc =
ρc
ρ
(
ρ− ρa
ρc − ρa
)
(2.9)
where ρ, ρa and ρc are the densities of the sample of interest, the fully amorphous
sample and the fully crystalline samples respectively.
The thermal analysis technique depends on the measurement of the heat of fusion
∆H of the polymer of interest using differential scanning calorimetry (DSC), and
the comparison of this value with the fully crystalline heat of fusion ∆Hf . The
degree of crystallinity is given by
Xc =
∆H
∆Hf
(2.10)
There are, however, possible sources of error in this method which arise from the
DSC scans. One of them is the determination of the ‘baseline’ above which the
curve is integrated to obtain ∆H.
X-ray diffraction is probably the most fundamental and direct method of determin-
ing the degree of crystallinity [10]. In this method the X-ray diffraction pattern of
the sample of interest is decomposed into amorphous and crystalline components
by comparison with a diffraction pattern taken from a fully amorphous sample.
Unfortunately, corrections for absorption must be incorporated into the analysis,
which makes the method subject to errors and more difficult to apply than the
DSC or density techniques [54].
Other methods such as IR and Raman spectroscopy or inverse gas chromatography
can be used to measure crystallinity. Since different methods depend on different
properties of the fully crystallised polymer they do not necessarily give the same
value of crystallinity. Density and DSC are often the quickest and most reliable
methods.
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2.3 Polymer processing
Processing of polymeric materials usually occurs at elevated temperatures and
often by the application of pressure. Semicrystalline thermoplastics such as PE
are formed above their melting temperature and cooled under an applied pressure
so that the product retains its shape.
Moulding is the most common method for forming plastics [3]. Among the differ-
ent moulding techniques are compression, transfer, blow, injection, and extrusion
moulding. This method consists in forcing the polymer, at an elevated tempera-
ture and by pressure, to flow into, fill or assume the shape of a die or mould.
2.3.1 Pipe extrusion
Extrusion of pipes is second only to film in consumption of thermoplastics [6].
PVC and HDPE are the main polymers in this market and are used to produce a
vast range of products from drainage and sewage pipes to pressure pipes for gas
and water applications. During extrusion the polymer is heated, melted, mixed
and forced by an extruder through a die, where it is shaped into a pipe. Pipe
extrusion lines consist of an extruder, an annular die, a calibration and cooling
system, a haul-off unit and a cutting or wind-up facility.
The extruder is used to heat the raw polymer material and then force it through
the annular die. Although the barrel of the machine has a series of heater bands,
it is the shear energy generated within the polymer by the screw and motor drive
system that supplies most of the heat [31]. Air or water cooling systems help to
control the supply of heat to the polymer as it needs to be carefully monitored. A
schematic diagram of an extruder is shown in Fig. 2.9.
Regarding the die design, the objective is to produce an annular extrudate that is
uniform in thickness and which has no ‘weld lines’. Depending on the way in which
the melt is distributed to the die and the way in which the mandrel is supported,
there are two common types of die designs for solid wall pipe: the spider and
Chapter 2. Review of polymer structure and processing 38
Feed hopper
 Turning screw                Barrel                         Molten plastic          Extrudate
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Figure 2.9: Schematic diagram of an extruder [3]
the basket design. In the spider die design the mandrel is supported by a ring
or ‘spider’ with a number of radial elements (spiders’ legs). Because the melt is
divided by the spider it forms weld lines and thus, the spider has to be located
sufficiently upstream the die exit so that the weld lines have enough time to heal.
In the basket design the polymer melt is forced through a perforated plate that
contains hundreds of small holes and is then rejoined under pressure as a round
profile, eliminating the spider leg weld lines.
The calibration or sizing of the pipe occurs immediately as the extrudate exits the
die. The dimensions and tolerances of the pipe are set in this stage. Calibration
techniques are divided into internal and external methods. External calibration
is generally the preferred method, usually achieved by the application of either
vacuum or pressure to force the extrudate against the inside of a water cooled
sleeve calibrator to set the external diameter of the pipe [6]. Internal calibration
sets the internal diameter of the pipe by drawing the extrudate onto a water cooled
mandrel. Ultrasonic techniques are typically used to measure the thickness of the
pipe around its circumference.
After exiting the sizing tank, the pipe is moved through a series of spray or immer-
sion cooling tanks. The pipe must be cooled until sufficient stiffness and strength
are attained in order to withstand subsequent handling operations. Water baths
are usually used to cool small diameter pipes, whereas for large diameter pipes
spray units are preferred. The output rate of a pipe extrusion line is dictated by
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the rate at which the pipe can be cooled, which in turn depends on the polymer
and pipe geometry.
Pullers provide the necessary force to pull the pipe through the entire cooling
operation [31] and, in combination with the extruder screw speed, determine the
wall thickness of the pipe. Markings, including nominal pipe size, SDR, material
and manufacturer are usually made with ink and applied to the surface by an offset
roller. Depending upon the diameter, pipes can be coiled or cut into specified
lengths at the end of the extrusion line.
2.3.2 Interactions between processing and properties
The aim during an extrusion process is to produce a continuous profile of the
required dimensions and physical/mechanical properties as quickly as possible [6].
However, there are several effects produced by the forming and cooling devices
used in extrusion, which can alter the properties of the product drastically. These
effects range from visual imperfections and parts with out-of-tolerance dimensions
to impaired mechanical performance in service [11]. Among the most important
effects are orientation, residual stresses, inhomogeneity and changes in the polymer
morphology.
2.3.2.1 Residual stresses
During post-extrusion cooling, the outer surface of the pipe is typically in contact
with the cooling medium while the inner surface is cooled by trapped air. Because
of the low thermal diffusivity of PE, the cooling rate varies significantly through the
pipe wall thickness (Pittman [55] reported temperature differences of up to 100◦C
during cooling of a 315 mm diameter MDPE pipe). Heat removal from within
the pipe wall is almost entirely from the outer surface where a solid external layer
is formed. The thermal contraction of the core as it cools is restrained by the
external layer, which therefore will come under compression stress. The result
is a parabolic stress distribution in which the outer layer goes into a state of
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Figure 2.10: Circumferential and axial residual stresses in plastic pipes [11]
hydrostatic compression while the core goes into tension until the stresses balance
[6]. This stress condition is illustrated in Fig. 2.10. When such a pipe is axially
slit its wall tends to close or curl inwards and overlap. Due to biaxial shrinkage in
planes parallel to the surface of the pipe this stress condition is biaxial. For very
thin pipes or tubes, axial stresses may result in the formation of an ‘orange-peel’
surface, a defect that is much more severe in crystalline polymers.
Several factors that affect the development of residual stresses have been identified.
Cooling rate is pointed out as the dominant factor in the development of residual
stresses; for higher cooling rates, higher residual stresses [56, 57]. Other factors
affecting residual stress development are the molecular weight of the polymer (with
higher molecular weight polymers resulting in higher residual stresses [58]), its
degree of crystallinity [57], its relaxation behaviour, and geometric parameters
such as thickness and other processing considerations such as the use of release
agents [59].
2.3.2.2 Crystallinity
Non-uniform cooling not only generates a residual stress distribution inside the
pipe, but also a variation in crystallinity and morphology. The faster the material
is cooled, the lower the crystallinity. Rapid cooling or quenching promotes a high
nucleation rate but hinders growth. Even faster cooling rates might suppress
all spherulite growth [43], leaving many small spherulites whose growth can be
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Distance from Mass Mean Mean
inner wall crystallinity lamellae spherulite radius
[mm] [%] thickness [nm] [µm]
0.15 64.0 18 7
5.00 65.3 - -
9.85 59.0 13 3
Table 2.2: Morphological data from DSC, SAXS and TEM for HDPE samples
taken from a pipe wall [28]
achieved later by annealing below the melting temperature Tm. Slow cooling on the
other hand allows the few nuclei to grow to a coarse structure of large spherulites.
Table 2.2 shows crystalline morphology data for HDPE pipes reported by Trankner
et al. [28]. It is observed that the outer layers show a smaller spherulite size,
thinner lamellae and lower degree of crystallinity.
These variations in crystallinity result in variations in other properties. The crys-
talline phase has a tighter packing than the amorphous phase and therefore a
higher density. This densification process is accompanied by changes in mechan-
ical properties such as elastic modulus, yield strength, elongation at break and
ultimate strength.
In order to control the crystalline structure, nucleation agents such as chalk may
be added to the polymer. These agents promote growth as soon as the temperature
falls below Tm independently of the nucleation and growth mechanisms, which will
contribute to reach a more homogeneous dense packing of small spherulites [43].
However, for a given formulation the crystallinity level is still determined by the
processing conditions.
2.3.2.3 Other effects
There are a number of phenomena which affect the shape and size of the pipe
along the extrusion line. They are shown in Fig. 2.11. When the pipe exits the
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Figure 2.11: Phenomena affecting the dimensions of the extrudate along the
extrusion line [6]
die it swells, that is, elastic deformations imposed on the polymer melt during ex-
trusion through the die are recovered. Swelling can be counteracted by drawdown
stretching if the haul-off velocity exceeds the velocity of the melt at the die exit.
Due to the high temperature gradients within the pipe wall, material near the bore
of large thick-walled pipes can remain molten for several hours. Molten material
can slowly flow during this period under the action of gravity, resulting in an
uneven wall thickness distribution known as sagging [6, 60]. Sagging is usually
overcome by adjusting the eccentricity of the die.
When a polymer melt is subjected to extensional flow its chain molecules are
oriented. When the flow ceases, molecules will rearrange by the natural thermal
movement of the chain segments [61]. This reorganisation will take place for as long
as the polymer remains in the molten state. The lower the cooling rate, the more
significant the degree of recovery of orientation as polymer molecules have more
time to retract to their equilibrium coiled conformations [6]. Among the effects
of orientation are the changes in elastic modulus and in breaking strength. Also,
there is a substantial lowering of the chemical, solvent, and general environmental
resistance of the material [11].
Figure 2.12 illustrates a common problem in thick-walled shapes. If the extrusion
cooling rate is too high, an outside shell which ‘casehardens’ the extrusion is
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Figure 2.12: Voids at the interior of a extruded rod consequence of a very
high cooling rate [11]
formed. Since this shell cannot contract, subsequent shrinkage of the core material
will ‘open’ the centre creating voids. This condition usually appears in thick sheet
and rods, but can also appear in thick walled pipes.
Because the output rate of a extrusion line is determined by the rate at which the
pipe can be cooled, it is important to optimise the cooling conditions in such a way
that the properties of the polymer are not affected by high temperature gradients
while the production rate is not severely delayed by very low cooling rates.
Chapter 3
Simulation of the post-extrusion
cooling process in plastic pipe
manufacture
3.1 Introduction
Once a polymer grade has been selected for pipe production, processing conditions
control the properties and performance of the finished pipe. Because pipes are ex-
truded from the molten state, it is the solidification process that sets many of the
properties of the final product. Solidification is closely related to the thermal his-
tory of the material, which is determined by cooling arrangements and conditions
such as external/internal cooling, spray intensity, coolant temperature and initial
temperature.
Among the main factors determined by the cooling process are the pipe shape
and dimensions, inhomogeneity, anisotropy and residual stresses [15, 60]. Inhomo-
geneity is usually a consequence of crystallisation, being cooling rate dependant,
leading to lower crystallinity in faster-cooled sections, and thus lower modulus and
density [62]. Anisotropy arises from molecular orientation which is frozen-in from
the flow pattern during solidification and results in the tendency for the extrusion
44
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to warp and also lowers the chemical, solvent and general environmental resis-
tances of the material [11]. Thermal stresses appear due to non-uniform cooling
conditions. These stresses develop in the solid phase due to the constraint in the
thermal volume contraction. When the product has frozen and reached a uniform
temperature, residual stresses and strains will exist due to the non-uniform tem-
perature during cooling. Residual stresses can affect several material properties
such as impact strength and fatigue [61, 63], and can also result in crack propaga-
tion [64, 65], which is of significant interest when studying rapid crack propagation
(RCP) in polymer pipes.
Because the detail of the cooling process influences the geometry, microstructure
and residual stresses of the pipe, which all influence its performance in service,
it is of considerable interest to be able to realistically model the cooling process.
This chapter describes a comprehensive simulation of the post-extrusion cooling
process in polyethylene (PE) pipe manufacture, which incorporates a kinetic model
of crystallisation to predict the evolution of the absolute crystallinity within the
pipe during cooling. The model is extended to bilayered pipes, which consist of
a PE pipe covered with a peelable polypropylene (PP) skin. Illustrative results
are shown for thermal history, crystallinity profiles and temperature gradients at
solidification, and these will be used in the following chapter to calculate residual
stresses.
3.2 Modeling
The essential steps of solid wall PE pipe production are to heat, melt, mix, convey
and force the raw material through an annular die and cool it enough so that
it maintains its roundness when leaving the cooling tank [31]. Different cooling
methods depending upon the pipe size are used to remove the residual heat from
the pipe. Small diameter pipes are usually cooled by immersion in water baths,
while larger diameter pipes are usually cooled from its external surface by spraying
water in a series of spray tanks aligned downstream of the die. Cooling water
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Figure 3.1: Typical pipe extrusion line [12]
temperatures are usually in the range of 4 to 10◦C and the cooling tanks must
be long enough to cool the pipe below 71◦C in order to withstand subsequent
handling operations [31]. Annealing zones are gaps located between cooling baths,
which allow the heat contained within the inner pipe wall to be conducted outward
and anneal the entire pipe. Figure 3.1 shows a simple diagram of a typical pipe
extrusion line.
Previous work on pipe cooling [12, 29] focused mainly on the determination of
heat transfer coefficients by measuring pipe surface temperatures in the annealing
zones and then fitting numerical results to these by selecting appropriate con-
vection transfer coefficients. They were also used to determine cooling efficiency
by varying cooling conditions such as water flow rates, nozzle design and coolant
temperature [66]. In all these studies the importance of having reliable data for
heat transfer coefficients and thermal properties was highlighted [12, 55, 66] and
therefore, experimental measurements were done on the production lines which
were reported and compared with their simulations. Temperature profiles gener-
ated by these models were then used to estimate residual stresses and crystalline
structure. However, crystallisation kinetics were not included in the models, al-
though the latent heat of fusion was incorporated into the specific heat capacity
data.
In this study, a one-dimensional heat transfer analysis using a control volume
method and explicit finite difference equations is used to model the cooling process
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taking into account temperature dependent thermal properties of the polymer and
kinetics of crystallisation.
3.2.1 Heat transfer analysis
A pipe at uniform initial temperature T0 is cooled down in a uniform environment
at T∞. The pipe loses heat from both surfaces, which have surface heat transfer
coefficients of h¯int and h¯ext, which vary as the pipe moves into different cooling
units and annealing zones.
To apply the control volume method, the pipe is divided into layers of thickness
∆r, with the surface layers having a thickness ∆r/2, so that the distances between
the nodes are equal (Fig. 3.2). Since conduction is considered as one-dimensional,
a unit length in the θ and z directions is taken. The dimensions, volumes and
areas of the control volumes are summarized in Table 3.1.
The energy balance on each control volume is:
Rate of heat conduction/convection Rate of heat conduction/convection
into control volume out of control volume
+ = +
Rate of heat generation Rate of energy storage
inside control volume inside control volume
The general heat conduction equation in cylindrical coordinates is obtained from
the energy balance and is expressed as
1
r
∂
∂r
(
kr
∂T
∂r
)
+ ρHc
∂Xc
∂t
= ρc
∂T
∂t
(3.1)
where k is the temperature dependent thermal conductivity, ρ the density of the
material, Hc the total latent heat of fusion, Xc the fraction of crystallised material
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Figure 3.2: Division of a pipe of thickness L for explicit finite difference heat
transfer calculations
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Table 3.1: Geometry, dimensions, areas and volumes of the different control
volumes used in the heat transfer analysis
and c the specific heat. The first term in Eq. 3.1 represents the net transfer
of thermal energy into the control volume (inflow - outflow). For a convection
boundary condition on a surface
− k∂T
∂r
= h¯c(Ts − T∞) (3.2)
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where h¯c is the convection heat transfer coefficient, Ts the surface temperature
and T∞ the temperature of the surrounding fluid.
In order to apply the control volume method and obtain the difference equations,
the “rate of heat conduction” term in the energy balance can be written as
q˙cond = −kA∆T
∆r
(3.3)
where A is the area through which heat is transferred and ∆T/∆r the temperature
gradient between adjacent nodes, that is, ∆T is the difference between temperature
at node i and the temperature at node i ± 1. The minus sign is a consequence
of the second law of thermodynamics, which requires that heat must flow in the
direction from higher to lower temperature.
The “rate of heat convection” term becomes
q˙conv = h¯cA(Ts − T∞) (3.4)
where A is also the area through which heat is transferred. The “heat generation”
term takes into account the latent heat of transition of the material and is expressed
as
rate of heat generation inside control volume = ρHcV
∆Xc
∆t
(3.5)
where V the control volume and ∆Xc the fraction of material that crystallised
during a time step ∆t.
The time step ∆t is defined with the elapsed time, tm, as
tm = m∆t m = 0, 1, 2... (3.6)
The “energy storage” term is defined as
rate of energy storage inside control volume = ρcV
∆T
∆t
(3.7)
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This term represents the energy stored from time tm to tm+1 in a volume V . In
this case, ∆T is a function of time rather than position, it is the difference between
temperature at node i at time tm and time tm+1. It is considered that temperature
varies linearly between time steps and adjacent nodes.
Heat flow equations at each control volume are obtained according to the boundary
conditions and are summarised in Table 3.2. Solving each energy balance for Ti
at time tm+1 gives, for the nodes in the internal surface of the pipe (i = 1)
T1,m+1 = T1,m +
2∆t
ρc
(
r1∆r +
∆r2
4
)[− ktop
∆r
(
r1 +
∆r
2
)
(T1,m − T2,m) (3.8)
− h¯intr1 (T1,m − T∞) + ρHc∆Xc
2∆t
(
r1∆r +
∆r2
4
)]
,
for the nodes in the external surface of the pipe (i = M)
TM,m+1 = TM,m +
2∆t
ρc
(
rM∆r − ∆r
2
4
)[− kbot
∆r
(
rM − ∆r
2
)
(TM,m − TM−1,m)
(3.9)
− h¯extrM (TM,m − TR) + ρHc∆Xc
2∆t
(
rM∆r − ∆r
2
4
)]
and for the nodes in the interior of the pipe (1 < i < M)
Ti,m+1 = Ti,m +
∆t
ρcri∆r
[
− ktop
∆r
(
ri +
∆r
2
)
(Ti,m − Ti+1,m) (3.10)
− kbot
∆r
(
ri − ∆r
2
)
(Ti,m − Ti−1,m) + ρHc∆Xc
∆t
(ri∆r)
]
.
Nodal temperatures depend on two indices, i and m, which correspond to the
spatial and time dependencies respectively. Equations 3.8-3.10 are called explicit
difference equations. The temperature distribution at the new time tm+1 can be
determined if the complete temperature distribution at time tm is known. Since
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2
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4
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)
Table 3.2: Rate of heat conduction, convection, generation and energy storage
for the different control volumes used in the heat transfer analysis
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the initial condition, Ti,0 is given for all i, Eqs. 3.8-3.10 can then be used to
calculate Ti,1, Ti,2, and so forth for all required time steps.
There is, however, a limitation on the size of the time step ∆t. In order to avoid
an unstable solution, the size of the time step is limited to
∆t <
∆r2ρc
2k
(3.11)
To accurately represent very large temperature gradients (i.e. high convection
coefficients), time steps smaller than the ones suggested by Eq. 3.11 are usually
chosen [67].
To find the temperature distributions using Eqs. 3.8-3.10, the mass fraction of
crystallised material ∆Xc needs to be estimated. A kinetic model of crystallisation
is coupled to this analysis and it will be discussed in the following section.
3.2.2 Crystallisation kinetics
Various models [68–74] have been developed to describe the crystallisation process
of polymers. As discussed in Chapter 2, most of these studies are limited to ide-
alised situations, in which external conditions such as temperature or cooling rate
are considered as constant. In real situations, however, the polymer is cooled down
at different rates and with high thermal gradients, which makes the crystallisation
process dependent on instantaneous conditions [5].
Several modifications of the Avrami theory [49, 68, 72–74] have been proposed
over the years to model nonisothermal crystallisation. Most of these models ne-
glect spherulite impingement and variations in cooling rates. Empirical or exper-
imental approaches have also been developed to calculate the main parameters of
nonisothermal crystallisation [5, 52] in which crystallisation kinetics are observed
by differential scanning calorimetry (DSC).
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3.2.2.1 Theoretical model
To estimate the mass fraction of polymer that has already crystallised, ∆Xc,
a kinetic model proposed by Phillips and Ma˚nson [52] for predicting absolute
crystallinity is coupled to the thermal analysis. It is based on two modified
Avrami equations to represent both heterogeneous and homogeneous nucleation
and growth processes. All the parameters in their model have a physical meaning
and its validity has been verified for four semi-crystalline polymers (PEEK, POM,
PET and PP) [52].
The model is based on the Tobin modification of the Avrami equation [75], which
considers growth site impingement, and on the Choe and Lee [72] incorporation of
homogeneous and heterogeneous nucleation terms. The basic isothermal expres-
sion is [7, 9]
vc(t) = 1− exp(−κtm) (3.12)
where vc(t) is the relative crystallinity at time t, κ is the rate constant and m the
Avrami exponent. However, this equation does not consider the impingement of
spherulites and therefore, it is appropriate just for the initial stages of crystallisa-
tion. Good prediction is obtained only for up to 30% of the relative crystallinity
[52]. Tobin [75] treated this problem and according to his theory
vc(t)
1− vc(t) = κt
m (3.13)
Equation 3.13 can be extended to describe nonisothermal crystallisation by using
an integral form
vc(t)
1− vc(t) =
∫ t
0
κ(T )mtm−1dt (3.14)
Using an Avrami exponent m = 4 for homogeneous nucleation and m = 3 for
heterogeneous nucleation [7, 9], Eq. 3.14 can be rewritten as
ϕ =
νc(t)
1− νc(t) =
∫ t
0
3κhet(T (ψ))ψ
2dψ +
ξ
∫ t
0
4κhom(T (ψ))ψ
3dψ
1 + (1− ξ) ∫ t
0
4κhom(T (ψ))ψ3dψ
(3.15)
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where
ξ =
Xc,∞,hom
Xc,∞,het
(3.16)
which accounts for the fact that heterogeneous nucleation is dominant at low
cooling rates and homogeneous nucleation is dominant at high cooling rates and
therefore, the absolute crystallinity at equilibrium under heterogeneous nucleation
Xc,∞,het is higher than that under homogeneous nucleation, Xc,∞,hom [52].
Finally, absolute crystallinity is defined as
Xc(t) = Xc,∞,het
(
ϕ
1 + ϕ
)
(3.17)
If the absolute crystallinity Xc is obtained at every time step of the heat transfer
analysis described in the previous section, the fraction of crystallised material
∆Xc can be found and the temperature distributions can be obtained from Eqs.
3.8-3.10.
Note that for the nonisothermal case (Eqs. 3.14 and 3.15) the rate constants κi
are expressed as a function of temperature. They are defined as [52]
κhet = C11 exp
[
−
(
C12
T (T 0m − T )2
+
C13
T − Tg + 51.6
)]
κhom = C21T exp
[
−
(
C22
T (T 0m − T )2
+
C23
T − Tg + 51.6
)]
(3.18)
where T 0m is the equilibrium melting temperature, Tg is the glass transition tem-
perature and the constants Cij are functions of physical constants [9, 52]
C11 =
4
3
Nhetpiυ
3
0,het C12 =
96γ2s,hetγe,hetT
o2
m
k0∆H2fρ
2
c
C13 =
3Ehet
R
C21 =
Nhompik0υ
3
0,hom
3h
C22 =
128γ2s,homγe,homT
o2
m
k0∆H2fρ
2
c
C23 =
4Ehom
R
(3.19)
where Ni is the number of nucleation sites, υ0,i the radial growth rate of crystals,
γs,i the lateral surface energy, γe,i the fold surface energy, k0 the Boltzmann’s
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constant, ∆Hf the enthalpy of melting the fully crystallised polymer, ρc the density
of the fully crystallised polymer, Ei the activation energy, R the gas constant and
h the Planck’s constant.
Because not all the required data to calculate the constants Cij is available in
the literature, they were found experimentally, using the data obtained with DSC
analysis. Once these constants are known, the rate constants κhet and κhom can
be found and the absolute crystallinity (Eq. 3.17) can be calculated.
3.2.2.2 Experimental method to find rate constants
PE thermal behaviour during crystallisation was monitored using a TA Q2000
Differential Scanning Calorimeter under helium atmosphere. Scans were taken
using polymer samples of about 5-10 mg sealed in hermetic aluminium pans. The
samples were first heated to 200◦C from room temperature at 20◦C/min and held
there for 5 minutes to erase the thermal history of the polymer. Then, dynamic
scans were performed from 200◦C to 20◦C at 2, 10, 20, 40 and 50◦C/min.
Figure 3.3 shows the DSC plot obtained with a cooling rate of 2◦C/min. The
common procedure to measure the degree of crystallinity by DSC involves drawing
a linear arbitrary baseline from the first onset of melting to the last trace of
crystallinity [46, 76]. Absolute crystallinity as a function of time is determined as
Xc(t) =
∆H(t)
∆Hf
(3.20)
where ∆H(t) is the enthalpy of crystallisation at time t (determined from the
partial area under the DSC plot to the point of interest) and ∆Hf is the enthalpy
of melting the fully crystallised polyethylene (289 kJ/kg [77]).
Relative crystallinity is expressed as
vc(t) =
∆H(t)
∆HT
(3.21)
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Figure 3.3: Nonisothermal DSC plot of a PE sample cooled at 2◦C/min
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Figure 3.4: Evolution of the relative crystallinity of PE cooled at different
rates and predicted data using the fitted constants Cij
where ∆HT is the total enthalpy of crystallisation at certain cooling rate, this is,
the total area under the DSC plot. Figure 3.4 shows the development of relative
crystallinity as a function of temperature for different cooling rates. The baselines
and areas under the curves were obtained using the analysis software provided by
TA Instruments [78].
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Parameter PE PP [52]
C11(s
−3) 4.25× 1010 1.41× 1028
C12(K
3) 2.25× 105 3.94× 107
C13(K) 10800 10790
C21(s
−4K−1) 2.51× 1011 4.64× 1018
C22(K
3) 8.00× 105 9.56× 107
C23 (K) 9500 4396
Table 3.3: Values of Cij to obtain rate constants, κi, for PE and PP
The constants Cij were found by fitting the relative crystallinity curves obtained
by DSC (Fig. 3.4) with Eqs. 3.15 and 3.18. In the region close to the melting point
the free energy of formation of a nucleus is very high [52] and thus heterogeneous
nucleation and growth control the rate of crystallisation at high temperatures
or low cooling rates, significantly delaying homogeneous nucleation and growth.
Therefore, it is assumed that at low cooling rates the heterogeneous term of Eq.
3.15 is much greater than the homogeneous one. Constants C1j were found using
a cooling rate of 2◦C/min assuming that at this rate constants C2j=0.
At higher cooling rates both types of nucleation are generally present and therefore,
constants C2j were found using a cooling rate of 50
◦C/min, considering both terms
of Eq. 3.15 and using the values of C1j found previously. The obtained values of
Cij are listed in Table 3.3.
3.3 Monolayered pipes
All the equations presented in the previous section were implemented in a C++
program. A flowchart of the simulation is shown in Fig. 3.5. The main outputs of
the simulation are the temperature profiles and thermal history of the material,
crystallinity evolution over time and temperature gradients at solidification time
for residual stress calculations.
An essential requirement in the use of this simulation is the appropriate knowledge
of the material properties and processing conditions. The numerical values of the
Chapter 3. Simulation of the post-extrusion cooling process 58
     
T          = T      +...       1<i<M         (interior)
T          = T      +...        i=1   (inner surface)
T          = T      +...        i=M  (outer surface)
i,m+1 i,m
1,m+1 1,m
M,mM,m+1
Solve for new temperature distribution
      Initialize time
  t  =  mΔt;    m =  0
Assign initial temperature to all nodes
T      = T             1     i     Mi,m 0 ≤≤
   Is the node temperature lower than 
             the melting temperature?
                       (                  )1     i     M≤ ≤
YES
DONE
                      Is this the node 
           ‘moment’ of solidification?
                       (                  )1     i     M≤ ≤
         Save temperature gradient at 
             moment of solidification
          
 Calculate absolute crystallinity (Xc        )
          Calculate ΔX  =  Xc         - Xc
          
  i,m+1
i,m+1        i,m
  T       =  Ti,m i,m+1
      Reset T for next time step
Xc      =  Xci,m i,m+1
      
       Reset Xc for next time step
Has the maximum temperature throughout 
 the pipe reached the desired temperature?
                 (ie. room temperature)
    Increment time
          m =  m+1
NO
YES
YES
NO
NO
         (finite difference equations)
Eq. 3.16
k(T     )  i,m
Material properties
    ΔXc            
(initially 0)
i,mT
Eq. 3.7-3.9
C i j
1
3
2
1 2
3
Temperature gradients for Crystallinity profiles
Temperature profiles
INPUT
OUTPUT Residual Stresses calculations
Figure 3.5: Flowchart for the explicit finite difference solution of the one-
dimensional heat transfer analysis for pipe post-extrusion cooling
parameters used in the simulation were either determined experimentally or found
in literature, and they are listed in Table 3.4.
Thermal conductivity values, k, reported by Zhang et al. [13], measured using the
transient short-hot wire method are used in this investigation. The temperature
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Material Properties
ρ Density [kg/m3] 940 Pycn.
c Specific Heat [J/kgK] 2000 [79]
k(T ) Thermal Conductivity [W/mK] 0.206–0.355 [13, 80]
Hc Latent Heat of Fusion [kJ/kg] 289 [77]
Tm Melting Temperature [
◦C] 130 DSC
Crystallisation Parameters
Cij Rate constants See Table 3.3 DSC
T 0m Equilibrium Melting Temperature [
◦C] 140 [79]
Tg Glass Transition Temperature [
◦C] -125 [79]
Xc,∞,hom Homogeneous Equilibrium Crystallinity 0.59 DSC
Xc,∞,het Heterogeneous Equilibrium Crystallinity 0.74 DSC
Processing Conditions
T0 Initial Temperature [
◦C] 160
TR Room Temperature [
◦C] 20
h¯ext External Heat Transfer Coefficient [W/m
2K] 1250–2000* [29]
h¯int Internal Heat Transfer Coefficient [W/m
2K] 6 [59, 81]
Pipe Geometry
∅ Diameter [mm] 110–250
SDR Standard Dimension Ratio 11
*Values for first cooling unit: 1250 W/m2K (110/11, 125/11), 1750 W/m2K (180/11)
and 2000 W/m2K (250/11)
Table 3.4: Polyethylene (PE) properties and processing conditions used in the
simulations
dependence of k is clearly shown in Fig. 3.6. To accurately determine the value
of k at each control volume area (Table 3.2), Patankar’s formulation [82] is used
ktop =
2kiki+1
ki + ki+1
kbot =
2kiki−1
ki + ki−1
(3.22)
where ki is the thermal conductivity at node i and ktop and kbot the thermal
conductivity at the top and bottom surface of the control volume through which
heat is conducted.
Another important requirement is the use of the appropriate heat transfer coeffi-
cients for spray cooling. In his work, Barnes [12] reported heat transfer coefficients
measured by different researchers for PE pipe post-extrusion cooling. Most of these
results are within the range of 500–2500 W/m2K for different cooling conditions
and pipe diameters. He also studied the effect that certain variables such as spray
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Figure 3.6: PE and PP temperature dependent thermal conductivity [13]
water temperature, spray water flow rate, nozzle-pipe distance and nozzle-pipe
spray angle have on the heat transfer coefficient. Because of this dependence of
heat transfer coefficients on cooling arrangements, the values reported by Pittman
and Farah [29] were used as their work includes detailed information about the
cooling arrangements for each pipe. They determined the heat transfer coefficients
for spray cooling in the manufacture of PE80 and PE100 by measuring pipe sur-
face temperatures in the annealing zones between spray tanks, and then fitting a
simulation of the cooling process by adjustment of heat transfer coefficients. The
cooling arrangement for each pipe, including the time at each cooling unit, and
the obtained heat transfer coefficients are listed in Table 3.5.
The cooling process of PE100 pipe with 110mm diameter, SDR 11 (‘110/11’),
125/11, 180/11 and 250/11 was simulated. For the 110/11 and 250/11 pipes the
heat transfer coefficients for 125/11 and 225/17.6 in Table 3.5 were used.
3.3.1 Thermal history
Figure 3.7 shows the temperature history of the polymer at five different sections
of the pipe wall thickness for pipes of different diameter. Layers 0.00, 0.25, 0.50,
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Line speed Spray/annealing Length Time hext
Pipe details [cm/s] zone [cm] [s] [W/m2K]
315mm 0.62 1 625 1008 1750
SDR17.6 1-2 296 477 14
2 606 977 400
2-3 173 279 14
3 606 977 250
3-h 140 226 14
225mm 1.05 1 610 581 2000
SDR 17.6 1-2 247 235 22.5
2 610 581 750
2-3 112 107 22.5
3 610 581 550
3-h 138 131 22.5
180mm 1.10 1 607 552 1750
SDR11 1-2 226 205 17
2 605 550 500
2-3 87 79 17
3 605 550 250
3-h 150 136 17
125mm 2.16 1 607 281 1250
SDR 11 1-2 268 124 20
90mm 3.21 1 604 188 1500
SDR17.6 1-2 120 37 35
63mm 3.56 1 632 178 1250
SDR11 1-2 118 33 35
Table 3.5: Cooling arrangements and heat transfer coefficients reported by
Pittman and Farah [29]
0.75 and 1.00 are the normalised distances from the inner surface (0.00 for the
inner surface and 1.00 for the external surface). Several observations are made.
First, it is observed that cooling rate varies with location and with time. Layers
at the external surface have the highest cooling rates due to the high heat transfer
coefficients for spray cooling, whereas layers at the interior surface have lower
cooling rates, with layers inside the pipe, but close to the inner surface (0.25)
having the lowest rates. An interesting shift is observed for thicker pipes, where
layers at the middle of the pipe have lower initial cooling rates than those at the
interior surface, this is, they reach Tm at later times. The reason for this is that
heat transfer coefficients at the pipe surface predominantly influence the outer
layers of the pipe, and therefore, in the case of thick pipes the temperature profile
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within the pipe wall is mainly governed by the poor heat conduction properties of
the polymer.
Temperature profiles for single cooling units are also shown in Fig. 3.7. These plots
were obtained by considering a single cooling tank or spray area, maintaining a
constant heat transfer coefficient. By comparing the temperature profiles of single
and multiple cooling units, the effect of annealing zones is observed. Air gaps
or annealing zones allow the heat contained within the inner pipe wall to radiate
outward, increasing the temperature of outer layers.
It is also observed that the polymer generates a plateau in temperature through the
evolution of latent heat, which is maintained while crystallisation is taking place.
As shown in Fig. 3.7 and Table 3.6, the plateau temperature is determined by the
cooling rate, i.e. the higher the cooling rate the lower the plateau temperature.
Wagner [83] observed plateau temperatures of PE samples cooled at different rates.
He reported plateau temperatures as low as 90◦C and believed that much lower
plateau temperatures were possible, but observation was limited by the speed of
the camera used in his experiments. Temperature plateau intervals are longer
at higher temperatures. In this region, as mentioned in the previous section,
it is the heterogeneous nucleation and growth mechanism that controls the rate
of crystallisation. It is also observed that the thicker the pipe, the longer the
temperature plateau interval because of the lower cooling rates in internal layers
of thicker pipes.
Figure 3.8 shows the reported [14] thermal history during solidification, of 180mm
SDR17 and SDR 11 pipe, obtained using computer-controlled equipment during
manufacture. Thermal histories are only reported for the internal and external
surfaces of the pipes. Although the details of the processing conditions are not
specified, it is observed that the ‘shape’ or profiles of the temperature curves are
very similar to the ones in Fig. 3.7. Annealing zones are easily identified by
a sudden increase in temperature in the external surface, while a temperature
plateau due to crystallisation is observed in the internal one.
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Figure 3.7: Thermal histories and crystallinity development for pipes of dif-
ferent diameters using different cooling arrangements (values 0.00–1.00 are the
normalised distances from the inner surface)
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Normalised Plateau Plateau Normalised Plateau Plateau
distance from temperature time distance from temperature time
inner surface [◦C] [s] inner surface [◦C] [s]
110/11 125/11
0.00 129.0 210 0.00 129.0 305
0.25 130.0 90 0.25 130.0 110
0.50 127.0 10 0.50 127.0 25
0.75 124.5 4 0.75 125.0 10
1.00 ∼50 5 1.00 ∼50 5
180/11 250/11
0.00 128.0 640 0.00 128.0 1270
0.25 130.0 350 0.25 130.0 880
0.50 128.0 40 0.50 129.0 60
0.75 125.0 25 0.75 125.0 20
1.00 - - 1.00 - -
Table 3.6: Plateau temperature and time interval for pipes of different diam-
eters cooled in multiple cooling units
3.3.2 Crystallinity development
The evolution of relative crystallinity with cooling time is also shown in Figure 3.7.
It is observed that crystallisation starts immediately at Tm = 130
◦C as expected
for a polyethylene grade, in which crystallisation starts immediately upon thermal
equilibrium at the crystallisation temperature [46]. Due to the rapid rates of
crystallisation in PE [83], most of the crystallisation is achieved in a very narrow
temperature range (120-130◦C).
For layers in the internal surface in 110/11 and 125/11 pipes a sudden change
in crystallisation development is observed. This can be explained as a change in
the crystallisation mechanism, from heterogeneous to homogeneous nucleation and
growth due to the sudden drop in temperature and increasing cooling rate.
A further increase in crystallinity during ‘annealing zones’ is observed for layers
close to the external surface. It is important to mention that the kinetic model
coupled to the analysis does not consider annealing of the polymer. However, the
effect of increasing the temperature during annealing will require some further
‘extra’ cooling, which will increase crystallinity at those regions.
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Figure 3.8: Reported thermal history during solidification for (a) 180/17 and
(b) 180/11 MDPE pipes obtained through computer-controlled equipment dur-
ing manufacture [14]
Figure 3.9 shows the predicted absolute crystallinity profiles for pipes of different
thickness. As expected, lowest crystallinities are found at the external surface of
the pipe where the cooling rates were higher. Highest crystallinities were found
either at the internal surface or in regions close to it where cooling rates were
lower. The effect of annealing zones is more evident in small diameter pipes where
the heat radiating outward from the inner surface after leaving the first spray unit
is able to reach the external surface and anneal it. For greater diameters (thicker
pipes), the time at the annealing zones was not enough for the heat radiating from
the inner surface to significantly anneal the external layers.
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Figure 3.9: Predicted and experimental absolute crystallinity of PE pipes of
different diameter
Density [kg/m3] Crystallinity [%]
Pipe B M T B M T
110/11 940.7 940.9 937.0 62.3 62.4 59.9
125/11 941.8 941.8 937.2 62.9 62.9 60.0
180/11 942.0 943.8 937.3 63.1 64.2 60.1
250/11 942.2 942.7 937.0 63.2 63.5 59.9
Table 3.7: Density measurements and estimated crystallinity of different sec-
tions of PE pipes (B-bottom; M-middle; T-top section)
To compare these results with experimental data, an AccuPyc 1330 helium pyc-
nometer was used to obtain the density of samples taken from different sections of
the pipe. To estimate the crystallinity, Xc, of each sample a rule of mixtures [36]
is used
Xc =
ρc
ρ
(
ρ− ρa
ρc − ρa
)
(3.23)
where ρc=1004 kg/m
3 and ρa=852 kg/m
3 [46, 84] are the densities of the crystalline
and amorphous phase respectively. Results are shown in Fig. 3.9 and are also
summarised in Table 3.7.
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Again, lower crystallinities were found at the external surface, however, no signif-
icant difference was found for different diameters. The highest crystallinity values
were found at the middle sections, with very similar results for layers at the in-
ner surface. It is observed that the predicted crystallinity values are significantly
higher than the experimental ones. This difference is attributed to different pro-
cessing conditions (i.e. cooling arrangements) in the actual production line and
the effect of annealing zones on crystallisation kinetics. The effect of annealing on
crystallinity will be discussed further in following chapters.
Experimental results reported in the literature [28, 36] are also shown in Fig.
3.9. The distribution of the experimental values for 250/11 pipes is similar to
the predicted results: the crystallinity range throughout the pipe wall is wide
(∼0.57–0.69), and the highest crystallinity is at the inner surface.
3.3.3 Temperature gradients
Temperature gradients at the moment of solidification are required for the calcula-
tions of residual stresses. The temperature gradient for any point z at solidification
time ts can be obtained from the temperature distribution at time ts by differenti-
ating it with respect to z [85]. Figure 3.10 shows the temperature distributions at
time ts for different layers through the pipe thickness, where temperature gradients
are shown as the slopes of the plots.
Temperature gradients are higher at the outer layers due to the higher cooling
rates. Lower temperature gradients are found inside the pipe near to the inner
surface. The effect of pipe thickness is not so evident: temperature gradients are
very similar, but there is a change in the movement of the solidification front, i.e.
in the order in which layers are solidifying. For the 250/11 pipe the inner surface
solidifies before the middle section, whereas in the 110/11 and 125/11 pipes the
middle section solidifies first. For the 180/11 pipe both layers solidify at very
similar times. The thicker the pipe, the more the temperature profile within the
pipe wall is governed by the poor heat conduction properties of the polymer and
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Figure 3.10: Temperature gradients at solidification time for PE pipes of
different diameter
therefore, the inner surface (subjected to a heat transfer coefficient of 6 W/m2K)
solidifies first.
It can be observed from Fig. 3.7 that annealing zones do not have an effect on
temperature gradients at solidification time as the pipe enters these zones after all
its layers have reached Tm. Their effect on residual stresses will be discussed in
following chapters.
Finally, the importance of considering crystallisation kinetics in the model is illus-
trated in Fig. 3.11 where plots for a 110/11 pipe thermal history and temperature
gradients with and without considering crystallisation for a single cooling unit
arrangement are shown. If crystallisation is not considered, layers solidify with
higher cooling rates because there is no heat generation through the latent heat of
fusion. Predicted temperature gradients are higher, which will significantly affect
the prediction of residual stresses as shown in Fig. 3.11c.
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Figure 3.11: (a) Predicted thermal history, (b) temperature gradients and (c)
residual stresses for 110/11 pipe with and without considering crystallisation in
the model
3.4 Bilayered pipes
In 1998 Uponor Ltd. (now Radius Systems Ltd.) conceived Profuse, a high per-
formance PE100 pipe with a peelable PP skin. This skin protects the pipe by
absorbing installation damage, and when it is removed it reveals an undamaged
pipe surface suitable for electrofusion joining, which optimises and reduces instal-
lation times.
Previous studies on these pipes [26, 86] have focused on the effect that this pro-
tective skin has on the overall fracture resistance of the pipe. The importance of
processing conditions has been highlighted in these studies, but it has not been
included in their models. This section analyses the thermal history of a skinned
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Figure 3.12: Division of a bilayered pipe with a core PE pipe thickness L and
PP skin thickness t for explicit finite difference heat transfer calculations
or bilayered pipe with the aim of predicting residual stresses and relating them to
the pipe performance.
3.4.1 Modeling
The heat transfer analysis presented in Section 3.2 was extended to bilayered pipes.
Figure 3.12 shows the division of a bilayered pipe for applying the control volume
method. A PP skin of thickness t is added to the core PE pipe of thickness L.
Boundary conditions remain the same as in Table 3.2, with an extra condition at
the interface node (i = N): the interface does not store energy.
The explicit difference equation for the nodes in the internal surface (i = 1, PE)
is
T1,m+1 = T1,m +
2∆t
ρpcp
(
r1∆rp +
∆r2p
4
)[− kp
∆rp
(
r1 +
∆rp
2
)
(T1,m − T2,m)
− h¯intr1 (T1,m − TR) + ρpHc,p∆Xc
2∆t
(
r1∆rp +
∆r2p
4
)]
, (3.24)
Chapter 3. Simulation of the post-extrusion cooling process 71
for the nodes in the external surface (i = M , PP)
TM,m+1 = TM,m +
2∆t
ρscs
(
rM∆rs − ∆r
2
s
4
)[− ks
∆rs
(
rM − ∆rs
2
)
(TM,m − TM−1,m)
− h¯extrM (TM,m − TR) + ρsHc,s∆Xc
2∆t
(
rM∆rs − ∆r
2
s
4
)]
, (3.25)
for the nodes in the interior of the pipe (1 < i < N , PE)
Ti,m+1 = Ti,m +
∆t
ρpcpri∆rp
[
− kp
∆rp
(
ri +
∆rp
2
)
(Ti,m − Ti+1,m)
− kp
∆rp
(
ri − ∆rp
2
)
(Ti,m − Ti−1,m) + ρpHc,p∆Xc
∆t
(ri∆rp)
]
, (3.26)
for the nodes in the interior of the skin (N < i < M , PP)
Ti,m+1 = Ti,m +
∆t
ρscsri∆rs
[
− ks
∆rs
(
ri +
∆rs
2
)
(Ti,m − Ti+1,m)
− ks
∆rs
(
ri − ∆rs
2
)
(Ti,m − Ti−1,m) + ρsHc,s∆Xc
∆t
(ri∆rs)
]
(3.27)
and for the nodes in the interface (i = N , PE/PP)
TN,m+1 =
1
−
(
ks
∆rs
(
rN +
∆rs
2
)
+
kp
∆rp
(
rN − ∆rp
2
))
[
− TN−1,m+1
(
kp
∆rp
(
rN − ∆rp
2
))
− TN+1,m+1
(
ks
∆rs
(
rN +
∆rs
2
))
− ρpHc,p∆Xc
2∆t
(
rN∆rp −
∆r2p
4
)
− ρsHc,s∆Xc
2∆t
(
rN∆rs +
∆r2s
4
)]
(3.28)
where the subindex p refers to the pipe properties (PE) and s to the skin (PP).
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Skin Properties
ρ Density [kg/m3] 900 Pycn.
c Specific Heat [J/kgK] 1900 [79]
k(T ) Thermal Conductivity [W/mK] 0.131–0.241 [80]
Hc Latent Heat of Fusion [kJ/kg] 209 [52]
Tm Melting Temperature [
◦C] 130 DSC
Crystallisation Parameters
Cij Rate constants See Table 3.3 DSC
T 0m Equilibrium Melting Temperature [
◦C] 185 [52]
Tg Glass Transition Temperature [
◦C] -10 [52]
Xc,∞,hom Homogeneous Equilibrium Crystallinity 0.43 [52]
Xc,∞,het Heterogeneous Equilibrium Crystallinity 0.52 [52]
t Skin thickness [mm] 0.4–1.5
Table 3.8: Polypropylene (PP) properties and processing conditions used in
the simulations
Material properties of the skin are summarised in Table 3.8. Values for the tem-
perature dependent thermal conductivity are shown in Fig. 3.6 and the kinetic
model constants Cij in Table 3.3. It is assumed that the processing conditions
remain the same as for solid pipes (Table 3.4 and 3.5) with the PP skin being
co-extruded at the same initial temperature as the PE core (during manufacture,
the protective skin is added to the pipe through melt on melt technology). The
specified pipe diameter is the one of the PE pipe without considering the skin
thickness. Skin thicknesses used in the simulations are 0.4, 0.8 and 1.5 mm.
3.4.2 Results
Thermal history and absolute crystallinity plots for bilayered 110/11 PE/PP pipes
are shown in Fig. 3.13. It is observed that the thicker the skin, the lower the
cooling rate at the outer layers. Also, the time interval at the temperature plateau
for inner surface layers is longer for pipes with thicker skins. Although the internal
heat transfer coefficient remained unchanged, heat conduction through the pipe
is delayed with the addition of a skin and the internal layers remain at higher
temperatures for a longer period.
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Figure 3.13: Thermal histories and crystallinity development for solid and
bilayered 110/11 PE pipes with different PP skin thicknesses (values 0.00–1.00
are the normalised distances from the inner surface)
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Density [kg/m3] Crystallinity [%]
Pipe B M T B M T
Solid 940.7 940.9 937.0 62.3 62.4 59.9
0.4 mm skin 940.9 941.9 938.0 62.4 63.0 60.6
0.8mm skin 942.4 943.0 941.7 63.4 63.7 62.9
1.5 mm skin 943.5 945.2 943.8 64.0 65.1 64.2
Table 3.9: Density measurements and estimated crystallinity of different sec-
tions of bilayered 110/11 PE/PP pipes (B-bottom; M-middle; T-top section)
In general, there is an increase in predicted crystallinity throughout the pipe wall
for pipes with thicker skin due to lower cooling rates. However, an interesting
result is found for a bilayered pipe with 0.4 mm skin: its crystallinity at the
external layer is lower than that of a solid pipe. This is clearer in Fig. 3.14, where
the final crystallinity profiles for the different bilayered pipes are shown. This
unexpected result can be explained as follows: the increase in temperature at the
PE pipe outer layer in the annealing zones is decreased with skin thickness, as can
be observed in Fig. 3.13, which reduces the amount of required ‘extra’ cooling
and thus reduces crystallisation. However, for thicker skins (0.8 and 1.5 mm), this
shorter ‘extra’ cooling interval occurs at higher temperatures, which in the end
results in higher crystallinity.
Experimental results are also included in Fig. 3.14 and Table 3.9 where density
measurements and estimated crystallinity values using Eq. 3.23 are summarised.
The predicted crystallinity values are higher than the experimental results, al-
though the distribution is similar (lower crystallinity at the outer layers; higher
at the inner ones). Again, the differences are attributed to different processing
conditions on the actual production line to those used in the simulations.
Figure 3.15 shows the temperature gradients at the moment of solidification for
the solid and bilayered pipes. As expected, temperature gradients at the outer
layers decrease with skin thickness, which will reduce residual stresses in the core
PE pipe. The extent of this decrease in residual stresses and its effect on pipe
performance will be discussed in Chapters 4-6.
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Figure 3.15: Temperature gradients at solidification time for bilayered 110/11
PE/PP pipes with different skin thickness
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3.5 Concluding remarks
A comprehensive simulation of the post-extrusion cooling process in PE pipe man-
ufacture was presented. The simulation uses temperature dependent thermal prop-
erties and incorporates a kinetic model of crystallisation to predict the evolution of
the absolute crystallinity within the pipe during cooling. Numerical values of the
parameters used in the simulation were either determined experimentally or found
in the literature. Illustrative results were shown for thermal history, crystallinity
development and temperature gradients at the moment of solidification.
The temperature profile within the pipe wall is mainly governed by the poor heat
conduction properties of the polymer while heat transfer coefficients at the pipe
surface predominantly influence the outer layers of the pipe. It was found that
crystallisation starts immediately upon thermal equilibrium at the crystallisation
temperature and most of the crystallisation is achieved in a very narrow tempera-
ture range during which the polymer maintains a plateau in temperature through
the evolution of latent heat, while crystallisation is taking place. The rate of crys-
tallisation at high temperatures or low cooling rates is controlled by heterogeneous
nucleation and growth, and a higher cooling rates both homogeneous and hetero-
geneous nucleation are present. Therefore, non-uniform cooling of the molten
polymer generates a crystallinity profile with regions that solidified at lower rates
having higher crystallinity.
The model was extended to skinned or bilayered pipes, consisting of a PE pipe
covered with a peelable PP skin. Temperature gradients at the outer surface of
the PE pipe decrease with skin thickness and in general, the thicker the skin the
higher the crystallinity at the outer surface of the PE pipe.
In the following chapter the simulation is extended to calculate residual stresses by
using the temperature gradients at solidification through the residual temperature
field concept.
Chapter 4
Numerical and experimental
determination of residual stresses
in plastic pipes
4.1 Introduction
Thermoplastics processing usually involves the non-uniform cooling of molten
polymer, which results in the presence of residual stresses in the final product.
These stresses act internally at room temperature and have the same effects on
the material as externally applied stresses do [59, 87]. Their magnitude can be
high enough to induce severe shape changes in the product, as well as changes in
the overall material performance.
Residual stresses may be classified as pressure-induced stresses, shear or flow
stresses or thermal stresses [58, 88]. Pressure-induced stresses are developed in
the packing stage of injection moulding. Shear stresses are developed during the
non-isothermal flow of the polymer melt into a mould or through an annular die,
due to the incomplete relaxation of the polymer chains before the polymer freezes.
They are an order of magnitude lower than the residual thermal stresses and are
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usually neglected [89]. Thermal stresses appear due to non-uniform cooling con-
ditions. In the case of plastic pipes the outer surface is usually cooled by spraying
water in a series of spray tanks aligned downstream of the die while the inner
surface is cooled by trapped air. Heat removal from within the pipe wall is almost
entirely from the outer surface where a solid external layer is formed. While cooling
continues the solidifying material further in is prevented from freely contracting
by the solid layer. When the product freezes and reaches a uniform temperature,
residual stresses and strains will exist due to the non-uniform temperature during
solidification. A residual stress distribution develops in which the compressive
stresses in the outer layers are balanced by tensile stresses in the inner layers so
as to maintain equilibrium [20].
Tropsa [15] described the process of freezing-in strains into a homogeneous material
as illustrated in Fig. 4.1. Consider two thin layers of the same material at the
same initial temperature T0 (Fig. 4.1a). Both layers are heated up from T0 to
different, but uniform temperatures T1 and T2 and are volumetrically deformed
through their coefficient of thermal expansion with strains proportional to the
applied temperatures (Fig. 4.1b). The deformed layers are joined together (Fig.
4.1c) and cooled down to the same temperature T0. Because one of the layers was
heated up to a higher temperature T2 it tends to contract more, but its deformation
is prevented by the other layer, producing tensile stresses in the layer which has
been at higher temperatures and compressive stresses in the other (Fig. 4.1d).
Because equilibrium has been disturbed, an external moment M must be applied
to keep the new geometry flat. If the moment is removed, the internal stresses
redistribute and the new specimen bends (Fig. 4.1e).
In addition to the shape distortion, the presence of residual stresses is also expected
to affect the mechanical behaviour of the product. Thakkar and Broutman [90]
found a large increase of the notched Izod impact strength and a decrease in the
ductile-brittle transition temperature of polycarbonate (PC) when tensile residual
stresses were reduced. They suggested that the presence of compressive residual
stresses in the surface suppressed craze initiation in advance of the notch. However,
in the case of poly-vinyl-chloride (PVC) and acrylonitrile-butadiene-styrene (ABS)
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Figure 4.1: Residual stresses principle - asymmetrical frozen-in strains. (a)
layers at initial temperature T0, (b) layers at higher temperatures T1 and T2, (c)
layers stacked together, (d) external moment M applied to prevent distortion,
	 = compression ⊕ = tension, and (e) deformation due to residual stresses [15]
the impact properties were not significantly modified by the presence of compres-
sive stresses, leading to the conclusion that the influence of residual stresses on
impact strength is only significant on those polymers whose failure initiation is
highly localised. When the failure initiation is not limited to a single craze, as
in rubber modified polymers, the extent of deformation is controlled by multiple
crazing or by shear yielding and the effect of the compressive residual stresses is
limited [90].
Chaoui et al. [65] studied the effect of residual stresses on slow crack propagation in
MDPE pipes. They found that pipes exhibit more resistance to crack propagation
in the outer surface than in the inner one, with compressive and tensile residual
stresses respectively. They concluded that the material resistance to fracture is
strongly influenced by its thermal history, which determines not only the residual
stresses distribution, but also the morphology of the material. The effect of residual
stresses on the fatigue life of a polymer is also known; Hornberger and Devries [61]
found that compressive residual stresses enhance fatigue life, while tensile stresses
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usually decrease it. Compressive stresses decrease the sensitivity of the polymer to
flaws, and since fatigue is dependent on the stress intensity factors at those flaws,
the fatigue life is increased. Sauer and co-workers [91] have reported increases
in fatigue life by a factor of 20 in polystyrene (PS) with the reduction of tensile
stresses. Hornberger and Devries reported a tenfold increase in the mean fatigue
life of PC samples [61]; however, they also suggested that the morphology of the
polymer also has an important influence on the fatigue life of the polymer.
In the case of RCP performance, Davis [36] compared single and dual surface
cooled pipes. For a PE100 resin, dual cooling gave poorer results, which might
be related to the fact that dual surface cooling results in lower crystallinity at the
inner and outer surfaces of the pipe and therefore, the energy dissipated at the
shear lips is lower. However, it can also be related to the residual stress distribution
throughout the pipe wall. Argyrakis [23] concluded that the effects of locked-in
residual strains in RCP performance are twofold: they increase stored energy prior
to crack propagation thus helping to drive the crack, but during propagation the
resulting released moment tends to close the flaring pipe wall thus decreasing the
crack driving force.
Because of the effects that residual stresses have on the pipe performance, it is
important to be able to accurately predict and measure them. In the following
sections the residual temperature field concept will be introduced and incorporated
to the post-extrusion heat transfer analysis presented in the previous chapter.
Results will be compared with those of different experimental techniques used for
measuring residual stresses.
4.2 Residual temperature field
In this section, a method proposed by Tropsa et al. [85] for predicting residual
stresses in polymeric materials is described. They introduced the “residual tem-
perature field” concept to describe the relationship between the thermal history
the material went through during processing and the frozen-in strains. When this
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Figure 4.2: Flat plate coordinates [15]
temperature field is applied as an actual temperature distribution, it produces
thermal stresses and distortions equal to those caused by residual stresses.
The derivation of thermally induced residual stresses starts with the equilibrium
equations and the constitutive law for a linear thermo-elastic solid. However, the
analysis is extended afterwards to include anelastic effects to give residual stresses.
4.2.1 Thermoelastic analysis
The following analysis is based on the previous work of Williams [62] and Tropsa
et al. [85]. Figure 4.2 shows a large plate of thickness 2L. The origin of the
coordinate system is taken at any point in the central plane of the plane, with
the z direction perpendicular to the central plane, so that z varies from −L to L.
The plate is heated uniformly over each surface such that temperature in the plate
varies only across its thickness: T = T (z), and is not a function of position (x, y).
The plate is assumed to be free of external loads, then for equilibrium σz =
τxz = τyz = τxy = 0 and σx = σy = σ(z). Similarly for the strain components
εxy = εzy = εxz = 0 and therefore, compatibility equations [92] are reduced to
∂2ε
∂z2
= 0 (4.1)
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Equation 4.1 is the total differential of ε, which can be integrated twice giving a
linear variation of the strain through the thickness
ε(z) = ε0 +
z
ρ
(4.2)
where ε0 and ρ are the average strain and the curvature of the plate respectively.
The general form of Hooke’s law is simplified for this stress state and may be
written as
ε =
σ
E
(1− ν) + α(T − T0) (4.3)
where E is the elastic modulus and ν the Poisson’s ratio. The last term accounts
for the thermal expansion of the material, α is the coefficient of thermal expansion,
T the actual temperature and T0 a reference temperature at which the material is
in an undeformed state. From Eqs. 4.2 and 4.3, the stress distribution becomes
σ(z) =
E
1− ν
[
ε0 +
z
ρ
− αT (z)
]
(4.4)
Since there are no external loads the boundary conditions are
∫ L
−L
σ(z)dz = 0 ⇒ ε0 = α
2L
∫ L
−L
T (z)dz = αT¯ (4.5)
∫ L
−L
σ(z)zdz = 0 ⇒ 1
ρ
=
12α
(2L)3
∫ L
−L
T (z)zdz (4.6)
Equation 4.4 can now be expressed in terms of the temperature field T (z). The
mean strain ε0 is always proportional to the average temperature in the plate while
the curvature arises from the asymmetry of the temperature distribution [85].
When T (z) = T (−z) the integral term in Eq. 4.6 is zero and the plate does not
bend (ρ → ∞), this is the case of a symmetrical profile. The stress distribution
(Eq. 4.4) transforms into a simpler form
σ(z) =
E
1− ν [ε0 − αT (z)] =
E
1− να
[
T¯ − T (z)] (4.7)
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4.2.2 Viscoelastic analysis
Turning to the viscoelastic problem and focusing on the symmetrical temperature
distribution, from the Boltzmann superposition principle, Eq. 4.7 can be rewritten
as
σ(z, t) =
1
1− ν
∫ t
0
E(t− τ)d[ε0 − αT (z, τ)]
dτ
dτ (4.8)
where E(t− τ) is the relaxation modulus.
with ε0 determined from the zero net-force boundary condition∫ L
0
σ(z, t)dz = 0 (4.9)
Combining Eqs. 4.8 and 4.9 gives
σ(z, t) =
α
1− ν
[
1
L
∫ L
0
∫ t
0
E(t− τ)∂T (z, τ)
∂τ
dτdz −
∫ t
0
E(t− τ)∂T (z, τ)
∂τ
dτ
]
(4.10)
which gives the stresses in a free viscoelastic plate subjected to a symmetrical
temperature distribution.
If a known temperature profile T (z) is imposed on the plate at time t = 0 and
then removed at time t = t0 the stresses remaining in the plate after the cycle
are the residual stresses since the material is at a uniform temperature [85] .The
residual stresses at t > t0 are given by
σres(z, t) =
α
1− ν [E(t)− E(t− t0)]
[
1
L
∫ L
0
T (z)dz − T (z)
]
(4.11)
If t0  (t− t0), i.e. the material is exposed to T (z) for a long period of time, and
the relaxation modulus E(t0) converges to zero, the residual stress distribution is
σres(z, t
′) =
E(t′)
1− να
[
T (z)− 1
L
∫ L
0
T (z)dz
]
(4.12)
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where t′ is the time after cooling down, i.e. t′ = t − t0. This solution does not
account for the temperature dependence in the relaxation modulus. To include
temperature effects
σ(z, t) =
1
1− ν
∫ t
0
E(T, t− τ)d [ε0 − αT (z, τ)]
dτ
dτ (4.13)
Assuming that the material is thermorheologically simple, then a temperature
change, T , will not change the form of the time dependence but transposes it to a
different time scale, θ [62]. The new time scale dθ is related to the real time scale
dt by
dθ = Φ(T )dt (4.14)
Thermal stresses are now expressed as
σ(z, θ) =
1
1− ν
∫ θ
0
E(θ − τ) d
dt
(ε0 − αT (z, τ))dτ (4.15)
A simple case is to describe the material as follows
Φ = 1, T < Tm and Φ =∞, T > Tm
where Tm is a softening temperature below which there are unchanged viscoelastic
properties and above which t =∞, giving zero modulus [62].
If the plate is subjected to a step temperature cycle for a short period of time (i.e.
t′ ' t− t0), the final expression for residual stresses for the region that was solid
throughout the cycle is
σres(z, t
′) ≈ −E(t
′)
1− ν
{
α
[
1
L
∫ L
0
T (z)dz − 1
L− z¯
∫ L
z¯
T (z)dz
]}
z¯ < z < L,
(4.16)
and for the region softened in the cycle
σres(z, t
′) ≈ −E(t
′)
1− ν
{
α
[
1
L
∫ L
0
T (z)dz − T (z)
]}
0 < z < z¯. (4.17)
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The bracketed terms in Eqs. 4.16 and 4.17 represent the strains “frozen-in” the
material during the short cycle. They are constant in the region which remained
solid in the cycle, while in the region softened in the cycle, there is a distribution
of strain [85].
The cooling process from a fully softened condition can be modelled as a series of
simple cycles described by Eqs. 4.16 and 4.17 and is illustrated in Fig. 4.3. The
solidification front moves from the outer surfaces towards the inner regions of the
plate. The point currently in the solidification front z = z¯(t) will end in the solid
region at time t + dt and during this transformation the strain at the interface
will become frozen in the material. After it has solidified no additional strain is
induced. Therefore, the change in stress with z at z = z¯ is given by
∂σres(z, t
′)
∂z
∣∣∣∣
z=z¯
=
E(t)
1− να
∂T (z, t′)
∂z
∣∣∣∣
z=z¯
(4.18)
The final stress at any point z is
σres(z, t
′) =
E(t)
1− ν
[
α
∫ z
0
∂T (z′, t′)
∂z′
∣∣∣∣
z′=z¯
dz′ + ε0
]
(4.19)
where ε0 is such to satisfy zero net-force boundary condition and is equal to
ε0 = − 1
L
∫ L
0
[
α
∫ z
0
∂T (z′, t′)
∂z′
∣∣∣∣
z′=z¯
dz′
]
dz (4.20)
Equation 4.19 predicts the residual stresses in a viscoelastic plate after cooling.
A further analogy to the thermal stress problem is possible if a new auxiliary
function called the “residual temperature field” is defined as
Tres(z) = −
∫ z
0
∂T (z′, t′)
∂z′
∣∣∣∣
z′=z¯
dz′ =
∫ 0
z
∂T (z′, t′)
∂z′
∣∣∣∣
z′=z¯
dz′ (4.21)
Substituting Eq. 4.21 in Eq. 4.19 gives
σres(z) =
E∞
1− να
[
T¯res − Tres(z)
]
(4.22)
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Figure 4.3: Series of simple thermal cycles used for the simulation of a con-
tinuous cooling process [15]
where T¯res is the average value of Tres through the specimen thickness and E∞
the long term modulus of the material considering that after a long time at room
temperature the relaxation modulus E(t′) becomes equal to E∞.
By knowing the residual temperature field Tres the residual stress distribution can
be calculated. Therefore, the key point in the residual stress analysis is the de-
termination of the residual temperature field [85], which according to Eq. 4.21 is
formed by the integration of the temperature gradients at the moment of solidifi-
cation.
Figure 4.4a shows the temperature gradients at the moment of solidification of
a 110/11 PE pipe, which was presented in the previous chapter (Section 3.3.3).
The solidification process starts when the outer surface reaches Tm at t=0.016s.
From this moment frozen-in strains start accumulating within the pipe wall until
the pipe has completely solidified. The residual temperature field is shown in
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Figure 4.4: (a) Temperature gradients at the moment of solidification, (b)
residual temperature field, and (c) residual stress distribution for a 110/11 PE
pipe
Fig. 4.4b. The gradients of the temperature profiles during solidification (dashed
lines) are preserved in the residual temperature field and are the measure of the
frozen-in strains. It is observed that all the gradients on Tres match those on the
temperature distributions at the moment of solidification. Equation 4.22 is then
used to obtain the residual stress distribution throughout the pipe wall. Figure
4.4c shows the residual stress distribution obtained using a long term modulus
E∞=240 MPa. Results will be discussed in following sections.
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4.3 Residual stresses measurement techniques
There are various methods for characterising residual stresses in engineering ma-
terials. Withers and Bhadeshia [93] presented a review of the more common meth-
ods, such as material removal, diffraction, ultrasonics, thermoelastic and photoe-
lastic methods, and magnetic or electrical techniques. In this study, mechanical
methods are used, which rely on monitoring changes or distortions in the specimen
by deliberately removing material to allow the stresses to relax.
4.3.1 Ring slitting method
Maximum residual strains and stresses acting along both the axial and circumfer-
ential directions in pipe can be estimated using the ring slitting method [20, 94],
in which rings are sliced from the pipe and then slit axially, which releases residual
stresses causing local bending (Fig. 4.5). Having measured the diameter before
and after slitting, the bending moment can be calculated and hence the residual
strains and stresses [23]. Assuming a linear stress distribution across the pipe wall
σθ,z =
−6Mθ,z
h2
(4.23)
where Mθ,z are the hoop and axial moments per unit length applied by frozen-in
strains and h is the pipe wall thickness.
For a thick walled pipe the bending moment Mθ in Eq. 4.23 is [64]
Mθ =
Eaδθ
8pi
(x− 1)
[
1−
(
xlnx2
x2 − 1
)2]
(4.24)
where E is the elastic modulus, x = b/a, the ratio between the external and
internal pipe diameter and δθ is the deformation in the hoop direction. For a thin
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Figure 4.5: Ring slitting method. (a) Pipe ring with initial diameter øi (b)
Pipe ring after axial slitting with final diameter øf
walled pipe the bending moment is
Mθ =
Eδθh
3
24pia2
(4.25)
Note that slitting the ring results in a deformation δθ′ , rather than δθ, equal to
δθ′ = δθ − νδzF (4.26)
where F is a function of the pipe geometry and ring length.
For the case of melt-extruded isotropic pipes, it is reasonable to assume that
thermal stresses induced during solidification are equal in the axial and hoop
directions, in which case Mθ = Mz and δθ = δz [56] and thus Eq. 4.26 becomes
δθ′ = δθ(1− νF ) (4.27)
Clutton and Williams [56] demonstrated that in order to achieve δθ′ > 0.95δθ and
therefore being able to estimate δθ from the measured ring displacement δθ′ , a
minimum ring length L is required. For a Poisson’s ratio ν = 0.4 it is required
that
L >
6.73D√
SDR
(4.28)
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where D and SDR are the pipe diameter and standard dimension ratio respectively.
Results obtained in very short pipe rings can be corrected by multiplying by the
factor 1/(1− ν).
For anisotropic drawn pipes a combination of rings and thin axial strips can be
used to determine the moments Mθ and Mz. A similar mechanism operates for
thin strips but without the length dependence, giving
M ′z = Mz − νMθ =
Eh3
12R
(4.29)
where R is the radius of curvature of the strip.
Note that the ring slitting method is only valid when the residual stress distri-
bution is asymmetrical so that bending occurs. The method is useful for a rapid
comparison of residual stress levels as it gives only an approximation of the ac-
tual stress distribution. It tends to underestimate compressive stresses on the
outer surface and to overestimate tensile stresses on the inner surface [20] due
to the actual parabolic distribution of stresses, in which compressive stresses are
significantly higher than the tensile stresses at the inner surface.
4.3.2 Layer removal method
The residual stress distribution in plastic pipes can also be estimated using the
layer removal technique. This method, first applied to metal sheets, was developed
by Treuting and Read [16] and later applied to plastic pipes by Williams et al. [64].
It involves the removal of successive uniform layers of material from the surface of
the specimen and the measurement of the the resulting curvatures as a function
of specimen thickness.
In contrast to the ring slitting method, the layer removal method provides a com-
plete picture of the distribution of residual stresses. When the following conditions
are satisfied, the accuracy of the method is limited only by the precision of the
measurements [16]:
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(a) (b)
Figure 4.6: Layer removal method. (a) Element showing principal components
of residual stresses and (b) an element showing a layer to be removed [16]
• the specimen is linear in pure bending for the range of curvature,
• the stress does not vary in the plane of the specimen but only through the
thickness, and
• the process of removing successive layers does not disturb the stresses in the
remaining material.
Figure 4.6a shows a rectangular element with initial upper and lower surfaces
z = z0 and z = −z0. It is assumed that the stress distribution is constant in
the x and y directions and the only non-vanishing stress components are σx and
σy. Since there are no external forces or moments acting on the free specimen,
equilibrium requires that
∫ z0
−z0
σx(z)dz =
∫ z0
−z0
σx(z)zdz = 0, (4.30)
If a uniform layer of material is removed from the upper surface, as shown in Fig.
4.6b, so that the new upper surface is at z = z1 and it is prevented from deforming
by applying external loads at the edges, the external force and moment no longer
vanish. The resultant force per unit width Fx is
Fx(z1) =
∫ z1
−z0
σx(z)dz (4.31)
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and the moment per unit width about the center line is
Mx(z1) =
∫ z1
−z0
σx(z)
[
x+
z0 − z1
2
]
dz (4.32)
When the external loads Fx and Mx are released, equilibrium is restored by the
deformation of the plate. The forces due to the stresses introduced by deformation
are given by the elongation of the specimen, and the moments by the curvature.
Since it is easier to measure curvatures rather than elongations, Eq. 4.32 is used
to express Mx(z1) in terms of the curvatures ϕ in the x and y directions as
Mx(z1) = − E
12(1− ν2)(z0 + z1)
3(ϕx(z1) + νϕy(z1)), (4.33)
Substituting Eq. 4.33 into Eq. 4.32 and solving for σx results in
σx(z1) = − E
6(1− ν2)
{
(z0 + z1)
2
[
dϕx(z1)
dz1
+ ν
dϕy(z1)
dz1
]
(4.34)
+ 4(z0 + z1)[ϕx(z1) + νϕy(z1)]− 2
∫ z0
z1
[ϕx(z) + νϕy(z)]dz
}
,
which is the classical Treuting and Read equation for the layer removal method
(a similar expression for σy). It is important to mention that in the derivation of
these equations the initial curvature was assumed to vanish (ϕx(z0) = ϕy(z0) = 0)
and thus any initial curvature should be subtracted from subsequent values to
obtain ϕx and ϕy [16].
When σx = σy and ϕx = ϕy, as expected from melt-extruded isotropic pipes, Eq.
4.34 becomes
σx(z1) = − E
6(1− ν)
[
(z0 + z1)
2dϕx(z1)
dz1
(4.35)
+ 4(z0 + z1)ϕx(z1)− 2
∫ z0
z1
ϕx(z)dz − 2z0ϕ0
]
.
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The term 2z0ϕ0 has been added to Eq. 4.35 so that it can be applied to initially
curved surfaces [95]. A check on the obtained stress distribution is obtained by
integrating the stress. By the condition of zero force the integral should vanish.
4.3.2.1 Layer removal in plastic pipe rings
Williams et al. [64] presented a method for the determination of residual stresses
in plastic pipes by layer removal and subsequent slitting. It consists of turning
off layers of the wall thickness and then slitting rings of each thickness. The
displacements at the slit mean radius δ after certain period of time are measured
as a function of thickness. If the displacements are fitted with a polynomial of
second order as
δ = b0 + b1
(
h
h0
)
+ b2
(
h
h0
)2
(4.36)
where h is the thickness of the machined specimen and h0 the initial thickness,
the circumferential stresses are defined as
σθ =
Eh0
12pia2
[
6b0
(
h
h0
)
+ 6b1
(
h
h0
)2
+
20
3
b2
(
h
h0
)3
−
(
3b0 + 2b1 +
5
3
b2
)]
(4.37)
for outside machined specimens, and
σθ = − Eh0
12pi(a+ h0)2
[
6b0
(
h
h0
)
+ 6b1
(
h
h0
)2
+
20
3
b2
(
h
h0
)3
−
(
3b0 + 2b1 +
5
3
b2
)]
(4.38)
for inside machined specimens.
4.3.3 General considerations
As described in previous sections, mechanical methods are commonly used to de-
termine residual stresses via other variables that can be measured, i.e. strains and
curvatures. However, these methods can introduce a significant error originating
from the precision of the experimental measurements.
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Although the slitting ring method is only used for a rapid comparison of stress
levels between different pipes, results can be misleading if the deformation in
the circumference direction δ is not accurately determined. This deformation is
obtained as
δ = pi(∅f −∅i) (4.39)
where ∅i and ∅f are the initial and final diameter.
A problem arises when measuring these diameters. Neither the pipe or the de-
formed ring is a perfect circle, and therefore, the diameter value will depend on the
circumferential position where it is measured. To overcome this issue, a diameter
tape was used to measure the initial diameter, and because the tape cannot be
used in the deformed ring as it is not a complete circumference, the final diameter
was measured at 5 different circumferential locations and their average was used
for the calculations. Specimens were measured after 5 days of being cut.
When using the layer removal technique in pipe rings, an additional problem is
found. Because the pipes are not completely circular, removing a uniform layer
of material with the lathe is not easy. As a consequence, the thickness of the
rings varies around the circumference, and again, an average value is used in the
calculations. This variation in thickness can be minimised with the use of a pipe
scraping tool like those used to prepare the pipe surface prior to electrofusion
welding. However, the measurement of the initial and final diameters of the rings
is still a critical step in the determination of the residual stresses.
To overcome these issues with the rings, it was decided to apply the layer removal
method to thin strips cut axially from the pipe, assuming that the pipe is isotropic
(σθ = σz) and thus using Eq. 4.35. With this approach, samples have a constant
thickness; and curvatures rather than diameters are measured.
Figure 4.7 shows the procedure used for cutting thin axial strips (∼5 mm wide and
∼150 mm long) of different thicknesses from the pipe. First, the milling machine
is used to axially remove layers of material at different circumferential positions
as shown in Fig. 4.7a. Then, holes are drilled close to the ends of the pipe and
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(a) (b)
R
(c)
Figure 4.7: Procedure for cutting thin axial strips from PE pipe. (a) Uniform
layers of material are removed axially in a milling machine, (b) holes are drilled
at the ends of the pipe and strips are cut with a jigsaw (red dashed lines), and
(c) obtained thin axial strip
strips are cut with a jigsaw as shown in Fig. 4.7b. The remaining material at
the pipe ends will prevent the pipe from ‘closing’ when the first strip is removed,
allowing to cut straight specimens all around the pipe. Specimens with constant
thicknesses (down to 2.5 mm) are obtained with this procedure (Fig. 4.7c).
In the case of layer removal methods, the residual stress distributions are a function
of the measured curvature (or circumferential displacement), its derivative and
its integral. The main source of error arises from the derivative term, which
is very sensitive to experimental errors. Variations in the first derivatives can
substantially distort the residual stress profiles [15]. A common way of determining
the curvature is by measuring the maximum height of an arc of known length.
However, as for diameter measurements, a small difference in the measured height
will significantly affect the curvature and thus the residual stresses.
To accurately determine the curvature of the strips, a coordinate measuring device
was designed (Fig. 4.8) and built with the help of an undergraduate student. The
dial indicator probe touches the curved surface of the strip at different locations
and the points (xi, yi) are recorded. These points are then fitted to a circumference
of radius R by least-squares [96].
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Figure 4.8: Coordinate measuring device used to scan the curved surface of
the specimens and record points (xi, yi) to fit to a circumference of radius R
Figure 4.9: Specimen embedded in a ‘non-shrinkage’ cold mounting acrylic
resin to avoid deforming the specimen during curvature measurements
To avoid thin samples from bending when the dial indicator probe is scanning its
surface, they were embedded in a commercial cold mounting acrylic resin filled with
aluminium silicate (Struers DuroCit [97]). This resin cures at room temperature
with virtually zero shrinkage, which guarantees that no additional deformation
is imposed to the specimens. Figure 4.9 shows a thin PE strip embedded in
acrylic resin ready for its curvature measurement. The strips were left at room
temperature for 5 days before casting them into the resin.
Chapter 4. Numerical and experimental determination of residual stresses 97
R=947.5mm
y i
9.0
9.5
10.0
10.5
11.0
y i
10
15
xi
0 10 20 30 40 50 60 70 80 90 100 110 120 130
Experimental
Least square fit
Figure 4.10: Points (xi, yi) collected using a coordinate measurement device
on a thin axial strip cut from a 110/11 PE pipe, and their best fit to a circum-
ference using least squares
Figure 4.10 shows the measured curvature profile of an axial strip cut from a
110/11 PE pipe. The points were collected using the coordinate measuring device
shown in Fig. 4.8 and were fitted to a circumference of radius R = 947.5 mm
using least-squares.
Once curvatures have been measured in specimens of different thickness, they
cannot be used directly in the residual stress calculations as their integral and
derivatives are also needed. According to Tropsa [15], a least square polynomial
fit may be used to describe the curvature functions to filter out the experimental
errors from the measured curvature points. He suggests that the order of the fitted
polynomials must be low (linear, quadratic or cubic) to achieve smooth residual
stress profiles. Figure 4.11a shows the measured curvature of a 180/11 PE pipe
as a function of specimen thickness, the best fit (a third order polynomial) is also
shown. In Fig. 4.11b the obtained residual stress distribution using Eq. 4.35 is
shown. The residual stress function is a polynomial of one order higher than the
curvature. This also applies for the layer removal method on rings.
It is important to mention that anomalous deflection or curvature data has been
observed for specimens in which the remaining wall thickness is less than 20% of
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Figure 4.11: (a) Third order polynomial fit to curvature data and (b) residual
stress profile for a 180/11 PE pipe obtained using Eq. 4.35
its original value [20]. This is due to the disturbance of residual stresses during
the removal process (machining) for very thin specimens.
4.4 Residual stresses in monolayered pipes
Figure 4.12a shows the residual temperature fields for 110/11, 125/11, 180/11
and 250/11 PE pipes. These temperature fields were obtained by integrating
the temperature gradients at the moment of solidification of each pipe, which
were presented in the previous chapter as an output of the post-extrusion cooling
simulation (Section 3.3.3). As mentioned in that section, the presence of air gaps
in the extrusion line does not affect the temperature gradients at the moment of
solidification as the pipe enters these zones when all its layers have reached Tm,
which means that the residual temperature fields and residual stress calculations
are also unaffected by these zones. It has been reported [14, 60] that although
these air gaps are often referred as ‘annealing zones’ they have little overall effect
on the residual stress distribution.
The residual stress distributions are found with Eq. 4.22 using a coefficient of
thermal expansion α = 2.37×10−4 [79] and a constant long term modulus E∞=240
MPa according to creep data available in the literature [64, 98].
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Figure 4.12: (a) Residual temperature field and (b) residual stress distribution
for PE pipes of different size
Mills [87] investigated the development of residual stresses in plastics rapidly
cooled from the melt (h = 1000 W/m2K) using a ‘reference length’ method in
which equilibrium equations are used at every time step of the cooling simulation
and therefore, a temperature dependent modulus E(t) is used. It can be con-
cluded from his results on PE sheets, that the difference in residual stresses using
a variable modulus is not significant (∼3%). White [99] investigated the effect
of using a depth-varying elastic modulus in the layer removal analysis of resid-
ual stresses. He concluded that the residual stress distribution obtained by the
layer removal technique may depart from the true stress profile if the specimens
contain significant depth variations in modulus. In his analysis the surface and
inner section moduli were taken to differ by a factor of two. However, from the
experimental crystallinity results presented in the previous chapter (Section 3.3.2)
it is clear that although crystallinity varies throughout the pipe wall, the values
are within a narrow range. Therefore, it is expected that the variations in modulus
throughout the pipe wall are also within a narrow range, which can be verified by
using the Janzen equation [84, 100] to estimate the elastic modulus as a function
of crystallinity:
E =
h+ (h2 + 4λEcEa)
1/2
2λ
(4.40)
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where Ec = 3808 MPa and Ea = 4.1 MPa are the elastic modulus of the crystalline
and amorphous phase respectively and
h = Ec [Xc(1 + λ)− 1] + Ea [(1−Xc)(1 + λ)− 1] (4.41)
where Xc is the fraction of crystallised material and λ ≈ 1.4 for polyethylene. For
a crystallinity range of 0.60–0.65 the elastic modulus varies from 1.2 to 1.5 GPa,
a difference much lower than that used by White, and because the material is left
a long time at room temperature a constant long term modulus is used.
Predicted residual stresses are shown in Fig. 4.12b. It is observed that pipe size in
this range does not seem to significantly affect the residual stress distribution as
was found in previous work by Argyrakis [23]. Also, as expected for single cooled
pipes, residual stresses are tensile at the inner surface and compressive at the outer
surface. Tensile stresses at the inner surface are of approximately 3 MPa, which is
in agreement with results published by Guan et al. [14]. Compressive stresses at
the outer surface vary from 15 MPa for 110/11 pipes to 18 MPa for 250/11 pipes,
and are significantly higher than experimental values reported in the literature
(∼4 MPa) [58, 64]. Pittman and Farah [60] developed a viscoelastic method to
predict residual stresses using temperature dependent properties, however, Guan
et al. suggested that those predictions seem to be underestimated.
To compare the results from the simulation (Fig. 4.12a) with experimental ones,
the ring slitting technique was applied first. Results for isotropic and anisotropic
assumptions are summarised in Table 4.1 as well as the results for a linear elastic
approximation from the simulation. It can be observed that hoop and axial stresses
are similar, as to be expected for extruded pipes, and that isotropic results are
very similar to hoop stresses results for the anisotropic case. Note that axial
stresses are consistently higher than the hoop stresses, which is in agreement with
other publications [23, 56] and might be related with an orientation effect on the
thermal expansion coefficient [101]. Again, no significant difference is found with
different diameter. Experimental results are lower than those from the simulations
but similar to the ones reported in the literature. The differences may arise from
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Isotropic Anisotropic Simulation
σθ = σz σθ σz σθ
Pipe [MPa] [MPa] [MPa] [MPa]
110/11 2.06 2.12 2.46 5.24
125/11 2.16 2.20 2.52 5.49
180/11 1.98 2.04 2.41 5.56
250/11 2.03 2.06 2.49 6.31
Table 4.1: Residual stresses for isotropic and anisotropic pipes of different
size using the ring slitting experimental technique, and simulation results for a
linear-elastic approximation
errors during ring diameter measurements as explained in Section 4.3.3. Also,
it has been suggested [20] that ring slitting tends to underestimate compressive
stresses on the outer surface of the pipe.
To obtain more accurate results, the layer removal method described in Section
4.3.3 for axially cut pipe strips was used. It is observed that the experimental
results from layer removal on axial strips are very similar to those predicted by
the simulation. Much higher residual stresses at the outer surface of the pipe
were found that those obtained from ring slitting. Although these values are much
higher than those reported elsewhere (using ring slitting techniques), it was found
that Mills [14] applied a similar experimental technique based on scanning the
surface of small samples cut from a pipe wall to accurately measure deformations,
and his results for MDPE pipes were 50% higher than others. They found axial
and hoop stresses of ∼6 MPa at the outer surface of the pipes. HDPE pipes have
higher elastic modulus and hence higher residual stresses are expected.
Tropsa [15] also used a surface scanning technique to measure curvatures when
applying the layer removal method on PMMA plates. Although his residual stress
results cannot be compared to those for PE pipes, it is important to mention that
he was also able to measure very high compressive stresses at the surfaces by using
this measurement technique, which ratifies the importance of using an experimen-
tal technique that can accurately measure the deformation of the samples.
Chapter 4. Numerical and experimental determination of residual stresses 102
Re
sid
ua
l S
tre
ss
es
 [M
Pa
]
-15
-10
-5
0
5
Normalised distance from inner surface
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
(a) 110/11
Re
sid
ua
l S
tre
ss
es
 [M
Pa
]
-15
-10
-5
0
5
Normalised distance from inner surface
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
(b) 125/11
Re
sid
ua
l S
tre
ss
es
 [M
Pa
]
-15
-10
-5
0
5
Normalised distance from inner surface
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
(c) 180/11
Re
sid
ua
l S
tre
ss
es
 [M
Pa
]
-20
-15
-10
-5
0
5
Normalised distance from inner surface
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
(d) 250/11
Simulation (Residual temperature ﬁeld)
Simulation (Linear elastic approximation)
Experimental (Layer removal - axial strips)
Experimental (Ring slitting)
Figure 4.13: Predicted and experimental residual stress distributions for PE
pipes of different size
4.4.1 Peeled pipes
To investigate the effect of processing conditions on the residual stress distribution
of PE pipes, four 110/11 pipes with different thermal history were used. Three of
these pipe were co-extruded with a peelable PP skin and therefore, the thermal
history of the core PE pipe is different than that of the ‘monolayered’ or ‘solid’
pipe. The skin thicknesses of the pipes available in the laboratory were 0.4, 0.8
and 1.5 mm. The pipes were peeled for experimental measurements as at this
point of the investigation the interest was focused on monolayered pipes.
Figure 4.14a shows the residual temperature fields for the different pipes. The
effect of the skin is very evident: the outer surface of the core pipe was cooled at
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Figure 4.14: (a) Residual temperature field and (b) residual stress distribution
of 110/11 PE pipes with different thermal history (co-extruded with a peelable
PP skin of different thickness)
lower rates and with lower temperature gradients as the skin thickness increased.
This led to lower levels of residual stresses in these pipes as can be seen in Fig.
4.14b. The thicker the skin, the lower the residual stresses. For a 1.5 mm skin
residual stresses at the outer surface were reduced by a third, from ∼15 MPa to
∼5 MPa. The level of ‘reduction’ of residual stresses at the inner surface was
similar, from ∼3 MPa to ∼2 MPa for 1.5 mm skin. Although the heat transfer
coefficient at the inner surface remained unchanged, conduction through the poly-
mer became ‘slower’ and therefore, sections near to the inner surface remained at
higher temperatures for longer periods.
Results obtained from ring slitting are shown in Table 4.2 and Fig. 4.15. It is
observed that ring slitting results for peeled pipes are very close to those from the
simulation using a linear-elastic approximation. The residual stress distributions
in these pipes are within a smaller range, this is, the high compressive stresses
at the outer surface of the solid pipe were significantly decreased for the peeled
ones, and therefore, the assumption of a linear approximation from ring slitting
gives more accurate results. Also, the fact that the rings deform ‘less’ because
the residual stresses are lower, means that the shape of the deformed ring is more
circular and thus measurement errors are minimised.
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Isotropic Anisotropic Simulation
σθ = σz σθ σz σθ
Pipe [MPa] [MPa] [MPa] [MPa]
No skin 2.06 2.12 2.46 5.24
0.4 mm skin 1.43 1.47 1.73 1.78
0.8 mm skin 1.40 1.45 1.69 1.56
1.5 mm skin 1.32 1.38 1.43 1.29
Table 4.2: Residual stresses for isotropic and anisotropic 110/11 PE pipes
with different thermal history using the ring slitting experimental technique,
and simulation results for a linear-elastic approximation
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Figure 4.15: Predicted and experimental residual stress distributions for
110/11 PE pipes with different thermal history
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Experimental results were also found with the layer removal technique in both pipe
rings and axially cut strips. Results are also shown in Fig. 4.15. It is observed
that results obtained from several rings are better than those from slitting a single
ring. They provide a clearer picture of the distribution of stresses through the
pipe wall. Good agreement is found at the middle sections of the pipe, but results
at the outer surface are still underestimated.
On the other hand, results for thin axial strips are very similar to those of the
simulation. Measured residual stresses at the outer surface are still lower than
the predicted values, but the difference has decreased significantly. Again, this
suggests that measuring the high compressive stresses at the outer surface is very
sensitive to the accuracy of the curvature (or ring displacement) measurement
technique.
4.4.2 Annealed pipes
As mentioned previously, residual stresses are expected to affect the mechanical
behaviour of a product. It has been reported [23, 102, 103] that annealing the
pipes in an oven at a uniform temperature of 80◦C for 24 to 168 hours dramat-
ically improves the performance of PE pipes. This improvement in performance
is attributed to the relaxation of residual stresses within the pipe during anneal-
ing. In this section, the effect of annealing on the residual stress distribution of
PE pipes is presented and its effect on performance will be discussed in following
chapters.
Solid pipes were annealed at 80◦C for 7 days in a fan oven. After annealing, the
pipes were allowed to cool down at room temperature. Residual stresses were then
measured by ring slitting for a fast comparison. Figure 4.16 shows the axial and
circumferential residual stresses on ‘as-received’ and annealed solid pipes as well
as peeled ones, all of them 110/11. A significant decrease in residual stresses was
found for the annealed pipe, in which estimated residual stresses (0.92 MPa) are
less than a half of those estimated on ‘as-received’ pipes (2.12 MPa). Because PE
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Figure 4.16: Axial and hoop residual stresses (measured by ring slitting) on
110/11 PE pipes: ‘as-received’, peeled and annealed for 7 days at 80◦C
glass transition temperature Tg is well below ambient temperature, the mobility
of the non-crystalline chain segments can be enhanced by simply increasing the
temperatures to above ambient levels, which will consequently allow some of the
residual stresses to relax [102].
The effect of annealing time on residual stresses was also investigated. The cir-
cumferential residual stresses on a solid pipe as a function of annealing time at
80◦C are shown in Fig. 4.17 and Table 4.3. It is observed that residual stresses
decrease with annealing time, with a 15% decrease in the first 24 hours.
However, annealing a polymer does not just relieve residual stresses: it also changes
its mechanical properties by changing the material morphology and crystallinity
levels. Several studies [104–107] related to chain unfolding and lamellar thicken-
ing during annealing have been performed. Statton [105] reported a great increase
in the thickness of a single lamellae of HDPE when it was annealed at temper-
atures above 110◦C. His work indicates that this increase in lamellae thickness
is due to the development of holes within the lamellae and a major refolding of
the molecules. Similar results for linear PE were found by Tian [106], who con-
cluded that evenly distributed cavities penetrate the crystals, which increases their
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Figure 4.17: Circumferential residual stresses in 110/11 ‘solid’ pipes as a
function of annealing time at 80◦C
Hours at σθ [MPa]
80◦C Solid 0.4 mm skin 0.8 mm skin 1.5 mm skin
0 2.12 1.47 1.45 1.38
4 - 1.28 0.95 0.98
8 - 1.21 0.92 0.89
16 - 1.08 0.85 0.79
24 1.79 1.01 0.82 0.74
48 1.54 0.91 0.77 0.76
72 1.35 0.93 0.69 0.71
96 1.19 0.85 0.66 0.61
120 1.11 0.79 0.65 0.57
144 1.05 - - -
168 0.92 - - -
Table 4.3: Circumferential residual stresses in solid and peeled pipes as a
function of annealing time at 80◦C
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thickness. He found that the final morphology of annealed samples was different
from the original one, and that it varied with the annealing temperature. It was
suggested that high chain mobility and homogeneous reorganization of the entire
single crystal are possible at low annealing temperatures. Magonov [104] demon-
strated that annealing single PE crystals on graphite, at temperatures between
95-100◦C, leads to recrystallisation and chain reorientation within the polymer.
Bhatnagar [94] and Drozdov [107] also concluded that annealing PE and other
semicrystalline polymers increases the degree of crystallinity. However, Krish-
naswamy [102] concluded that the annealing treatment increased the crystallinity
of HDPE only marginally (less than 2%).
Small PE samples were taken from the inner, middle and outer regions of the
annealed pipes. Density was measured with a helium pycnometer and crystallinity
was estimated with a rule of mixtures as explained in Section 3.3.2. Results are
shown in Table 4.4. It is observed that crystallinity in the middle section of
the pipe remained almost unchanged and that the maximum increase was found
for the outer regions (∼4.5% after 7 days). During the first 48 hours, the average
crystallinity increased ∼1.6% and ∼3% after 7 days, similar to the results reported
by Krishnaswamy [102]. However, the crystallinity at the inner surface increased
more than 4%, which may have an effect on the RCP performance of the pipe.
The relief of residual stresses by annealing the pipes was further investigated for
shorter periods of times (4, 8 and 16 hours). Due to the lack of ‘solid’ pipes in the
laboratory at that time, 0.4, 0.8 and 1.5 mm skinned pipes were peeled and then
annealed for different periods of time. Results are also shown in Table 4.3 and 4.4
and Fig. 4.18. Again, residual stresses decrease with annealing time. However, it
is observed that the rate of residual stress relief is much higher during the first 24
hours, in which stresses are reduced by ∼30% for 0.4 mm skin and ∼45% for 0.8
and 1.5 mm skins, while in solid pipes it took 120 hours to reduce residual stresses
by 50%. Average crystallinity increased ∼2-2.6% after 4 days at 80◦C.
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Hours at Crystallinity [%]
Pipe 80◦C Inner Surface Middle Outer surface Average
Solid 0 62.28 62.41 59.92 61.5
48 63.57 62.53 61.35 62.5
96 64.27 62.53 61.83 62.9
168 64.92 62.39 62.60 63.3
Peeled 0 62.41 63.04 60.56 62.0
(0.4 mm) 48 62.38 63.25 61.28 62.3
96 64.27 63.12 63.48 63.6
Peeled 0 63.36 63.74 62.92 63.3
(0.8 mm) 48 63.81 64.01 63.24 63.7
96 65.23 63.61 64.91 64.6
Peeled 0 64.06 65.13 64.25 64.5
(1.5 mm) 48 64.92 65.21 65.63 65.3
96 66.51 65.21 66.87 66.2
Table 4.4: Crystallinity in solid and peeled pipes as a function of annealing
time at 80◦C
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Figure 4.18: Circumferential residual stresses in 110/11 ‘peeled’ pipes as a
function of annealing time at 80◦C
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4.5 Concluding remarks
Residual stresses and strains exist due to the non-uniform temperature during
cooling. The residual temperature field concept describes the relationship be-
tween the thermal history the material went through during processing and the
frozen-in strains. When this temperature field is applied as an actual temperature
distribution, it produces thermal stresses and distortions equal to those caused by
residual stresses. In plastic pipes a residual stress distribution develops in which
the compressive stresses in the outer layers are balanced by tensile stresses in the
inner layers so as to maintain equilibrium.
For solid PE pipes (110-250 mm SDR 11) it was observed that pipe size does not
significantly affect the residual stress distribution. Tensile stresses of ∼3 MPa
were estimated at the inner surface, while high compressive stresses of ∼ 15-
18 MPa were estimated at the outer surface, which are significantly higher to
results reported previously. Ring slitting and layer removal methods on rings and
axial strips were used to measure the residual stresses in the pipes. Ring slitting
only gives an approximation of the actual stress distribution and therefore, it
was only useful for a rapid comparison of residual stress levels. Layer removal
methods provide a complete picture of the distribution of residual stresses, but
these methods can introduce a significant error originated in the precision of the
experimental measurements. By using a coordinate measuring device (accuracy
±0.01 mm) to obtain the radius of curvature of deformed axial strips it was possible
to resolve a very localised region of higher compressive stress at the outer surface
of the pipe.
The presence of a PP skin at the outer surface of the PE pipe reduces the thermal
gradients at the moment of solidification. Residual stresses were reduced by ap-
proximately one third for 0.4, 0.8 and 1.5 mm skin thicknesses. It was also found
that annealing the pipe at 80◦C for different periods of time significantly reduces
residual stresses.
Chapter 4. Numerical and experimental determination of residual stresses 111
In the following chapters the effect of residual stresses in pipe performance will be
discussed. First, the effect of pipe wall deflection at the cut-ends of the pipe due
to the release of residual stresses will be discussed as it can affect the electrofusion
joining process. Then, rapid crack propagation (RCP) performance of pipes with
different residual stress distributions will be analysed.
Chapter 5
Numerical and experimental
investigation of barreling at cut
ends of PE pipes
5.1 Introduction
Although the lifetime of PE pipes has been demonstrated to be much longer than
the minimum of 50 years of typical design life [108], it may be limited by the
performance of the fusion joints [109]. Despite all the advantages and better
performance of PE pipes over other pipe systems, failures in the field have been
reported [33], and these usually involve the joints between the pipes rather than
the pipe itself. Joint failures are found to occur in both electrofusion (EF) joints
and mechanical fittings. Becetel [110] reported that the yearly failure percentage
of laboratory tested EF joints in 2005 was 26.6%, with irregular and excessive
scraping as the main cause of failure.
The quality of EF joints depends upon several design factors and processing con-
ditions. In addition to fusion time and temperature, the pressure acting on the
melt during fusion is important. Whereas in butt welding the pressure is usually
applied through hydraulically introduced forces, in EF joining the pressure is built
112
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Figure 5.1: Pipe ‘barreling’ - variations in diameter near the pipe cut ends
up as the volume of the polymer increases during melting and fills the gap between
the fitting and the pipe. Therefore, excessive gaps between the coupler and the
pipe may result in an insufficient build up of the melt pressure and lower interface
temperatures as the melt flows outside the cold zones [18, 111] reducing the joint
strength.
When a pipe is cut to length residual stresses set-up during post-extrusion cooling
are released through a bending moment, which causes the cut ends to taper in-
wards, decreasing the diameter of the pipe (Fig. 5.1). Moving back inwards from
the cut end, the diameter does not simply increase to its initial value but locally
overshoots to a new maximum [112, 113]. These variations in diameter near the
cut ends are known as pipe ‘barreling’ and will generate gaps between the EF
coupler and the pipe, decreasing the strength of the joint. Although barreling is
hardly to be completely avoided, its effect can be compensated for when designing
the couplers or the joining process. This chapter investigates the development of
barreling in terms of residual stresses set up during cooling.
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5.2 Pipe wall deflection in radial direction
The principal components of residual stresses in plastic pipes are generally in the
hoop and axial direction. Radial stresses are zero at both surfaces and thus can-
not be significantly different throughout the pipe wall. Guan et al. [14] measured
radial stresses on MDPE pipes and found that they are significantly smaller than
the stresses in the other directions. For an 18 mm pipe wall they reported maxi-
mum radial stresses of only 0.36 MPa. Therefore, it was decided to neglect radial
stresses and use thin-shell theory to calculate the deflection of the pipe wall at cut
ends due to residual stresses.
5.2.1 General solution of a cylindrical shell loaded sym-
metrically with respect to its axis
The following analysis is based on the previous work by Timoshenko et al. [17].
They considered the element in Fig. 5.2 to solve the problem of a circular cylin-
drical shell loaded axisymmetrically.
Figure 5.2: Element of a circular cylindrical shell [17]
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It is concluded from symmetry that the membrane shearing forces Nxϕ = Nϕx
vanish and that forces Nϕ are constant along the circumference. Also from sym-
metry, the only transverse forces that do not vanish are Qx. The twisting moments
Mxϕ = Mϕx vanish and the moments Mϕ are constant along the circumference.
Under such symmetrical conditions, three of the six equilibrium equations are iden-
tically satisfied and thus only the three remaining equations are considered. If the
external loads consist only of a pressure normal to the surface, Z, the equations
of equilibrium are
dNx
dx
a dx dϕ = 0
dQx
dx
a dx dϕ+Nϕ dx dϕ+ Z a dx dϕ = 0 (5.1)
dMx
dx
a dx dϕ−Qx a dx dϕ = 0
From the first equation it is noticed that the forcesNx are constant and are taken as
zero for the analysis. The remaining two equations, with three unknown quantities
(Nϕ, Qx and Mx) can be simplified to
dQx
dx
+
1
a
Nϕ = −Z
dMx
dx
−Qx = 0 (5.2)
Displacements of the points in the middle surface of the shell are considered to
solve the problem. It is concluded from symmetry that the component v of the
displacements in the circumferential direction vanishes so only the components u
and w in the x and z directions are considered. The expressions for the strain
components are
x =
du
dx
ϕ = −w
a
(5.3)
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By applying Hooke’s law
Nx =
Eh
1− ν2 (x + νϕ) =
Eh
1− ν2
(
du
dx
− νw
a
)
= 0 (5.4)
Nϕ =
Eh
1− ν2 (ϕ + νx) =
Eh
1− ν2
(
−w
a
+ ν
du
dx
)
(5.5)
From Eq. 5.4
du
dx
= ν
w
a
(5.6)
Substituting Eq. 5.6 in Eq. 5.5 gives
Nϕ = −Ehw
a
(5.7)
From symmetry it is concluded that there is no change in curvature in the circum-
ferential direction. The curvature in the x direction is equal to −d2w/dx2. Using
the same equations as those used for plates [17]
Mϕ = νMx
Mx = −Dd
2w
dx2
(5.8)
where
D =
Eh3
12(1− ν)2 (5.9)
is the flexural rigidity of the shell. h is the thickness of the shell, E the elastic
modulus and ν the Poisson’s ratio.
Eliminating Qx from Eqs. 5.2 gives
d2Mx
dx2
+
1
a
Nϕ = −Z (5.10)
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and by substituting Eqs. 5.7 and 5.8 in Eq. 5.10
d2
dx2
(
D
d2w
dx2
)
+
Eh
a2
w = Z (5.11)
If the thickness of the shell h is constant, Eq. 5.11 becomes
d4w
dw4
+ 4β4w =
Z
D
(5.12)
where
β4 =
Eh
4a2D
=
3 (1− ν2)
a2h2
(5.13)
All problems of symmetrical deformation of circular cylindrical shells reduce to
the integration of Eq. 5.12. The general solution is
w = eβx (C1cos βx+ C2sin βx) + e
−βx (C3cos βx+ C4sin βx) + f(x) (5.14)
where f(x) is a particular solution of Eq. 5.12, and Ci are the constants of in-
tegration which are determined from the boundary conditions for each particular
case. Introducing hyperbolic functions in place of the exponential functions in Eq.
5.14 gives
w =C1 sin βx sinh βx+ C2 sin βx cosh βx
+ C3 cos βx sinh βx+ C4cos βx cosh βx+ f(x) (5.15)
5.2.2 Cylindrical shell bent by moments distributed along
its edges
When a pipe is cut to length, residual stresses set up during cooling are released
through a moment that causes local bending. This is the case of a cylindrical shell
bent by moments M , induced by cutting of the pipe, and distributed around the
cut edges (Fig. 5.3).
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Figure 5.3: Cylindrical shell bent by moments M distributed along the edges
In this case there is no pressure Z distributed over the surface of the shell and the
term f(x) = 0 in the general solution. If the origin of coordinates is taken at the
middle of the cylinder as shown in Fig. 5.3, Eq. 5.15 must be an even function of
x. Hence
C2 = C3 = 0 (5.16)
and Eq. 5.15 becomes
w = C1 sin βx sinh βx+ C4cos βx cosh βx (5.17)
The constants C1 and C4 are found with the boundary conditions at the ends of
the pipe. From Eq. 5.8, the moment M applied at the edge of the pipe is
M = −D
(
d2w
dx2
)
x=L
2
(5.18)
and from Eq. 5.2
Qx = −D
(
d3w
dx3
)
x=L
2
= 0 (5.19)
Substituting Eq. 5.17 in Eqs. 5.18 and 5.19 gives
C4 =
M
2β2D
[
sinhα sinα− sinα cosα cosh
2α + cos2α sinhα coshα
cosα sinhα− sinα coshα
]−1
(5.20)
C1 = C4
[
sinα coshα− cosα sinhα
cosα sinhα− sinα coshα
]
(5.21)
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Pipe Bending moment M [Nm]
110/11 87
125/11 118
180/11 248
250/11 543
Table 5.1: Bending moments M obtained by integrating the residual stress
distributions of PE pipes of different diameters
where, for the sake of simplicity
α =
βL
2
(5.22)
As discussed in the previous chapter, it is reasonable to assume that the thermal
stresses induced during crystallisation are equal in the axial and hoop direction
and thus M can be obtained by integrating the residual stresses σres throughout
the thickness of the pipe:
M = −
∫ a+h/2
a−h/2
σresrdr (5.23)
5.3 Monolayered pipes
The residual stress distributions obtained by using the residual temperature field
concept (Section 4.4) were integrated to obtain the bending moments M acting
along the edges of the pipe (Eq. 5.23). Results are shown in Table 5.1 for 110/11,
125/11, 180/11 and 250/11 pipes. Although the residual stress distribution was
very similar for pipes of different dimensions, the moments M are much higher in
thicker pipes as expected from the integration throughout the pipe wall thickness.
Deflections at the cut ends w were found with Eq. 5.17 using the constants defined
in Eqs. 5.20 and 5.21. Results are shown in Fig. 5.4. The cut ends are used as
a reference point so the deflections are measured from them. Experimental data
was obtained by measuring the change in diameter along the pipe using a dial
indicator (accuracy ±0.01mm) as shown in Fig. 5.5. Measurements were taken
in five circumferential positions (0, 36, 72, 108 and 144◦) to account for the pipe
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Figure 5.4: Barreling - deflection of the pipe wall in the radial direction
Figure 5.5: Measurement of diameter variations at pipe cut end using an
electronic dial indicator at five circumferential positions
ovality. Results were averaged and are shown in Fig. 5.4. Very good agreement
was found between predicted and experimental results, an indication that the pre-
dicted residual strains, although higher than the results reported previously, are
within the correct levels.
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Simulation Experimental
Pipe Gap [mm] Gap [%] Gap [mm] Gap [%]
110/11 1.06 0.96 1.12 1.02
125/11 1.26 1.01 1.24 0.99
180/11 1.84 1.02 1.74 0.96
250/11 2.90 1.16 3.00 1.20
Table 5.2: Diameter gap introduced by barreling at cut ends of PE pipes
Figure 5.6: Typical electrofusion fitting [18]
As seen in Fig. 5.4, the profile of the deflection in the radial deflection is similar
for all the pipes: the diameter at the cut end is smaller than the nominal value,
then it overshoots to a maximum, and finally it decreases to the nominal value.
The difference between the minimum and maximum diameter (‘diameter gap’) for
all the pipes are summarised in Table 5.2. It is observed that this gap represents
approximately 1-1.2% of the pipe nominal diameter, which can be inconvenient in
EF joints as it increases the clearance between the EF coupler and the pipe.
A typical EF fitting is shown in Fig. 5.6. The basic principle of heat fusion is
to heat two surfaces to a designated temperature and then fuse them together by
application of a sufficient force [31]. An electrofusion joint is heated internally by
resistance heating wires implanted or moulded into the EF fitting ‘fusion’ zones.
The fitting internal diameter is constant along its length and for a clearance design
it is larger than that of the pipe for which it is designed. This clearance facilitates
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Outside diameter Inner cold Fusion
Pipe Minimum [mm] Maximum [mm] zone [mm] zone [mm]
110/11 110 110.6 16.0 32
125/11 125 125.6 17.5 35
180/11 180 181.2 18.0 46
250/11 250 251.5 25.0 65
Table 5.3: Dimensions of the fusion and inner cold zones in EF fittings ac-
cording to the UK WIS-4-32-14 standard [30]
Fusion zone Center cold zonesEnd cold zone
EF COUPLER
PIPE 1
GAP
PIPE 2
GAP
Figure 5.7: Gap between EF coupler and pipe due to barreling
the assembly of a joint on site and allows some ovality of the pipe [18]. As shown
in Fig. 5.6, there are two separate fusion zones and alongside each of them are the
cold zones, whose function is to block off any molten polymer that attempts to
extrude out of the fusion zones. These zones are critical for the building up of the
melt pressure in the fusion zone, which is necessary for obtaining strong joints.
The dimensions of the cold and fusion zones for each pipe according to the UK
WIS-4-32-14 standard [30] are summarised in Table 5.3 and also shown in Fig.
5.4. It is observed that most of the gap produced by barreling is located at the
inner cold zone (Fig. 5.7), which may allow the polymer melt to flow, reducing
the build up pressure and thus reducing the strength of the joint.
Tests by British Gas [114] showed no joint failures for gaps ≤2% and it was con-
cluded that the integrity of the joint, for well-made contamination-free EF joints,
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was not reduced by gaps ≤2%. Also, previous work by Bowman [18] on 110 mm
EF couplers showed that the joint strength declined with increasing gaps over 2%.
Nussbaum et al. [115] reported that increasing the gap between the pipe and the
EF coupler reduces the interface temperature and thus increases the incubation
period and reduces the peak pressure. It was concluded that the thermal alteration
in the outside surface of the pipe leads to a slight reduction in molecular penetra-
tion across the interface. The gap is also the main factor determining the extent
of radial melt movement [116]. O’Donoghue et al. [117] investigated the effect of
the gap on the size of the molten region; for larger pipes it takes longer for the
two surfaces to come in contact and thus the molten region is smaller. However,
a greater gap might not be able to prevent wire movement which could lead to
short circuiting and localised overheating, creating excessive melt and exudation
of material from the fusion area [114].
It is also important to consider the effect of pipe scraping (material removal to
expose a clean virgin surface for EF) when analysing the influence of the gap. If
a pipe is not sufficiently scraped, degraded or dirty material is left on the pipe
surface, which can weaken the joint. However, if the pipe is overscraped, the gap
is increased to a greater level and the joint strength declines [18].
The minimum and maximum diameters for PE pipes and EF fittings (according
to the GIS/PL2 2-4 standard [118]) are used to find the maximum allowable gap
between pipe and EF coupler. These values are shown in Fig. 5.8 considering a
scraping depth of 0.3 mm [119]. Results are compared with the gap introduced
by barreling. It is observed that for diameters greater than 150 mm, the gap
introduced only by barreling is higher than the maximum allowable gap, and that
the difference between them is more significant for larger pipes as the allowable
gap decreases with increasing diameter.
Although it is possible to minimise barreling by optimising cooling conditions it
cannot be completely avoided. Therefore, it is suggested to consider its effects
when designing the joining process (ie. scraping of the pipe and coupler design).
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Figure 5.8: Maximum allowable gap between EF coupler and pipe compared
to gap produced by barreling
5.4 Bilayered pipes
Because of its high demand, continuous research and development has been focused
on PE pipes, and in 1998 Uponor Ltd. (now Radius Systems Ltd.) conceived
Profuse, a high performance PE100 pipe with a peelable polypropylene skin (Fig.
5.9). This skin protects the pipe by absorbing installation damage and when it
is removed it reveals an undamaged pipe surface suitable for EF joining, which
optimises and reduces installation times.
Due to its non-scraping technology the outside diameter of the pipe is maintained,
and consequently the gap between the EF coupler and the pipe is smaller than
that in monolayered pipes, which helps to improve the quality of the joint. A
less advertised advantage is that the lower residual stresses in the core PE pipe
produce a lower bending moment when they are released, reducing barreling and
thus further improving the quality of the joint. This effect can be observed in Fig.
5.10, where the variations in diameter near the cut ends for peeled 110/11 Profuse
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Figure 5.9: Profuse pipe. High performance PE100 pipe with a peelable PP
skin [19]
(a) No skin (b) 0.4 mm skin
(c) 0.8 mm skin (d) 1.5 mm skin
Figure 5.10: Barreling at cut ends of peeled 110/11 Profuse pipes
pipes are shown. It is observed that the thicker the PP skin, the less the ‘barrel’
shape at the cut ends.
In Chapter 3 (Section 3.4), the thermal history of ‘skinned’ or ‘bilayered’ pipes
was analysed. It was shown that the cooling rates in the PE core of skinned
pipes are lower than those of monolayered pipes and thus temperature gradients
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Pipe Bending moment M [Nm]
No Skin 87
0.4 mm skin 71
0.8 mm skin 62
1.5 mm skin 52
Table 5.4: Bending moments M acting at pipe cut ends obtained by integrat-
ing the residual stress distributions of peeled pipes
Simulation Experimental
Pipe Gap [mm] Gap [%] Gap [mm] Gap [%]
No skin 1.06 0.96 1.12 1.02
0.4 mm skin 0.86 0.78 0.90 0.81
0.8 mm skin 0.76 0.69 0.74 0.67
1.5 mm skin 0.62 0.56 0.58 0.53
Table 5.5: Diameter gap introduced by barreling at cut ends of peeled PE
pipes
at the moment of solidification are lower. Because residual stresses are found by
integrating these temperature gradients into a residual temperature field, the levels
of residual stresses in the PE core of skinned pipes are also lower, which reduces
barreling at the cut ends of the peeled PE pipe.
Residual stresses in the peeled PE pipe were integrated to find the bending mo-
ments M acting at the edge of the peeled pipe cut ends (Eq. 5.23). Results are
shown in Table 5.4. As expected, bending moments decrease with increasing skin
thickness.
Deflections in the radial direction w were found with Eq. 5.17 and are shown in Fig.
5.11. Again, good agreement is found between experimental and predicted results.
Although the deflection profile is similar for the monolayered and bilayered pipes,
the ‘diameter gap’ is reduced with increasing skin thickness. The dimensions of
these gaps are summarised in Table 5.5.
The maximum allowable gap for 110 mm pipe is 1.18% (Fig. 5.8). As mentioned
previously, for small pipes (Ø < 150 mm) the gap introduced by barreling is smaller
than that allowable. However, if the pipe is scraped the diameter is reduced by
∼0.3 mm, which in addition to the gap introduced by barreling might be above
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Figure 5.11: Barreling in peeled PE pipes - deflection of the pipe wall in the
radial direction
the allowable value. In the case of skinned pipes not only is the need of scraping
avoided, but also the barreling gap is reduced even more. For 1.5 mm skinned
pipes, it is reduced by approximately 40%, which is well below the allowable gap
limit.
5.5 Annealed pipes
As mentioned in the previous chapter (Section 4.4.2), PE pipes were annealed at
80◦C in a fan oven for different periods of time in order to relieve residual stresses
set up during cooling. Residual stresses were measured using the ring slitting
technique for a fast comparison. It was found, for 110/11 solid pipes, that residual
stresses decrease linearly with annealing time, decreasing more than 50% after
6 days at the annealing temperature. A change in crystallinity was also found,
with the outer surface increasing its crystallinity by approximately 4-5% and the
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Figure 5.12: Barreling in annealed PE pipes - deflection of the pipe wall in
the radial direction
middle section remaining almost unchanged. The average increase in crystallinity
was found to be ∼ 2.5%.
This reduction in residual stresses will not only have an effect on the pipe me-
chanical performance, but will also help to reduce barreling at the cut ends of
the pipes. The variations in diameter near the cut ends were measured with a
dial indicator as shown in Fig. 5.5, and the results are shown in Fig. 5.12. As
expected, barreling is less in pipes that were annealed for longer periods of time,
and for 120 and 168 hours the difference is very small (with their error bars above
each other), probably converging to a minimum deflection value.
Predicted results are also shown in Fig. 5.12. It is observed that predicted results
are significantly lower than the experimental ones. Because the annealing process
in a fan oven is not part of the production line, residual stresses and bending
moments were not obtained with the simulation program presented in Chapter 3
and 4. The values of residual stresses found by ring slitting (Section 4.4.2) were
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Hours Simulation Experimental
at 80◦C RS [MPa] M [Nm] Gap [mm] Gap [%] Gap [mm] Gap [%]
0 (Sim) 5.24 87.39 1.06 0.96 1.12 1.02
0 (Exp) 2.12 35.33 0.42 0.42 1.12 1.02
24 1.79 29.83 0.36 0.36 0.74 0.67
72 1.35 22.50 0.28 0.28 0.62 0.56
120 1.11 18.50 0.22 0.22 0.36 0.33
168 0.92 15.33 0.18 0.18 0.28 0.25
Table 5.6: Diameter gap introduced by barreling at cut ends of annealed PE
pipes
used to predict barreling at the cut ends of annealed pipes. These residual stresses
were used to estimate the bending moments M acting at the edges of the pipe
using a simple linear elastic approximation (Eq. 4.23). Results are shown in Table
5.6. For the ‘as-received’ (0 hours annealed) pipe, results for both the cooling
simulation and the ring slitting method are shown. It is clear that ring slitting
results are lower than the simulation ones as explained in Chapter 4.
The estimated bending moments M were then used to find the deflection of the
pipe wall in the radial direction using Eq. 5.17. Because the ring slitting technique
usually underestimates residual stresses, the predicted deflection of the pipe wall
caused by the release of these stresses through a bending moment is lower than
the deflection measured experimentally. The difference between predicted and
experimental value decreases with annealing time as the residual stress levels in
these pipes are much lower and therefore closer to a linear profile, which can be
more accurately estimated by ring slitting.
5.6 Concluding remarks
When a pipe is cut to length residual stresses set up during cooling are released
through a bending moment causing the cut ends to curl inwards, reducing the
diameter of the pipe and giving the cut end a barreled shape. Residual stresses
were integrated to obtain the bending moments acting at the edge of the pipes and
shell theory was then used to estimate the deflection of the pipe wall in the radial
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direction. The higher the residual stresses in the pipe, the more the deflection at
the cut ends.
These variations in diameter will generate gaps between the pipe and the electro-
fusion EF coupler, which can reduce the quality of the joint by allowing polymer
melt to flow out the fusion zones reducing the built-up pressure. The gaps intro-
duced by barreling were compared to the maximum allowable gap for EF joining
according to the standards, it was found that for diameters greater than 150 mm,
the gap introduced by barreling is higher than the allowable one, and that the
difference between them is more significant for larger pipes as the allowable gap
decreases with increasing diameter.
In the case of skinned pipes, the skin not only protects the pipe during installation
or reveals an undamaged pipe surface for EF joining when it is removed, but it
also reduces barreling as the levels of residual stresses within the pipe are lower.
Therefore, the gap between the EF coupler and the pipe is not only minimised
by the ‘non-scraping’ process, but also by the reduction of barreling near the cut
ends, which will probably lead to stronger EF joints.
Chapter 6
The effects of residual stresses on
Rapid Crack Propagation (RCP)
6.1 Introduction
Polymer pipes have been widely used for the last five decades. Excellent properties
such as corrosion and chemical resistance, low cost, durability and ease of instal-
lation have helped them to gain approval and nowadays most of the new installed
pipes for water and gas distribution systems are extruded from PE.
Although PE pipes have an outstanding service record, failures in the field have
been reported. The most common failure mode in the pipe itself is slow crack
growth (SCG), whereas rapid crack propagation (RCP) is characterised as the
least probable but of equal concern due to its potentially more catastrophic con-
sequences.
Impact testing on PE pipes has revealed that although crack initiation is difficult,
once it is achieved unstable crack propagation can be sustained at pressures well
below the design stress of the pipe [120–122]. As mentioned in the previous chap-
ter, fusion joints are a common source of failure, with defective joints acting as
a possible source of crack initiation. Other initiation hazards include excavation
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equipment, poorly levelled pipe bed and surrounding materials, stones, etc., which
cannot be completely prevented. However, because of its potentially catastrophic
consequences, RCP must be avoided under the worst possible conditions, and
this has led to the development of various tests and of better RCP performance
materials.
In this chapter, the effect of residual stresses on the RCP performance of PE100
pipes is investigated. It has been reported previously that their effects on RCP
performance are twofold: they increase stored energy prior to crack propagation
thus helping to drive the crack, but during propagation they decrease the crack
driving force through the resulting released moment that tends to close the flaring
pipe wall [23, 39]. Because the post-extrusion cooling process not only sets up
residual stresses but also determines the crystallinity of the material, the effect of
this variable is also investigated.
6.2 RCP in PE pipes
It is well known that thermoplastics, despite being very tough materials, are sus-
ceptible to impact fracture. RCP is characterised by a long crack extending along
the pipe length at axial speeds of 100-300 metres per second. The rapid release of
compressed gas during such a failure has a great destructive potential, which has
motivated extensive research to prevent failure during service. The main methods
for measuring RCP in plastic pipes are the Full Scale (FS) and Small Scale Steady
State (S4) tests.
6.2.1 FS RCP test
The FS test was developed in the 1970s by British Gas Technology to minimise
the risk of RCP failure in thermoplastic pipes by defining the initiation of RCP
and the pressure above which it propagates. It is defined in ISO 13478 [123] and
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Figure 6.1: HDPE pipe subjected to a Full-Scale RCP test [20]
is the absolute standard for RCP testing as it approximately simulates the actual
conditions for a pipe in service.
To simulate the performance of a buried pipe in service, the test requires a 25 m
long pipe specimen of up to 0.5 m diameter, in a temperature-controlled trough,
buried underneath gravel of 20-40 mm size, to at least 0.1 m of depth. A water-
recirculation system maintains a uniform pipe temperature of 0 ± 1.5◦C. The
specimen is extended by a steel pipe of at least twice its length to simulate a much
longer pipe and is pressurised with air or nitrogen. A crack is initiated 2 m from
the other end of the pipe with an axially aligned 400 mm long steel blade. This
initiation zone is cooled locally to -60◦C and scored internally with an axial notch,
ensuring that a high-speed crack is ready to start into the test length. The crack
is considered to have propagated if it extends more than 90% of the specimen
length. A series of FS tests define a critical internal pressure above which crack
propagation is always sustained. Figure 6.1 shows an HDPE pipe subjected to a
FS test.
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6.2.2 S4 RCP test
The scale, expense and long set-up time of the FS test (usually 2-3 days from the
start of preparations until the data is collected) led to the search for more efficient
methods to assess RCP. This research yielded the Small Scale Steady State (S4)
test in 1987 [20]. The S4 is a laboratory test which reproduces the full scale RCP
phenomenon in short, manageable pipe specimens. Like the FS test, the S4 test
initiates into a pressurised pipe a fast running crack, which will arrest or propagate
depending on the test conditions.
The essential features of the S4 test rig are shown in Fig. 6.2. A pipe specimen,
7 diameters in length, is sealed at both ends and pressurised with air. A chisel
ended striker impacts the pipe near one end initiating a fast running crack into
the test length. The flaring of the wall as compressed air escapes is restricted by
a containment cage surrounding the pipe. The axial decompression of the pipe
is suppressed by internal disc baﬄes equally spaced along the pipe length, which
maintain a steady test pressure in each of the compartments created by the baﬄes
before the crack reaches it. Therefore, the pressure at the crack tip is maintained
during the test allowing the use of much shorter specimens.
The crack is said to have propagated if the final crack length is greater than 4.7
pipe diameters. Shorter crack lengths are considered as arrests. Figure 6.3 shows
a full crack propagation on a PE pipe that was subjected to a S4 test above its
critical pressure (the containment cage was removed to obtain a better image).
The sinusoidal crack path is commonly observed on FS and S4 specimens, and is
usually attributed to the existence of a non-singular stress field acting parallel to
the crack tip [124, 125].
6.2.2.1 Critical pressure and critical temperature
Critical pressure, Pc−S4, is defined as the pressure above which the crack propagates
along the axis of the pipe for a distance greater than 4.7 pipe diameters. For
the determination of Pc−S4, pipes are tested at various pressures while keeping
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Figure 6.2: Schematic representation of a S4 test rig [21]
Figure 6.3: Full crack propagation on a 110/11 HDPE pipe subjected to a S4
test [22]
the temperature constant. Typical Pc−S4 tests are carried out at 0◦C for UK
requirements.
According to ISO 13477:2002, pipe specimens have to be kept in a temperature
controlled unit for at least 16 hours prior to testing, at a conditioning temperature
2 ± 0.5◦C below the specified test temperature. Pipes have to be tested within 3
mins ± 20 secs after removal for the freezer, since during this time the pipe would
have reached the desired testing temperature. However, Leevers et al. [81] used
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infra-red imaging data to calibrate a simple model for the evolution of surface
temperature during this interval. It was concluded that a conditioning tempera-
ture function, independent of pipe geometry, should be followed. The ISO 13477
standard was updated in 2007. The conditioning temperature Tcond is now related
to the test temperature Ttest by
Tcond = 1.12Ttest − 2.8◦C (6.1)
Similarly to Pc−S4, a S4 critical temperature, Tc−S4, exists above which RCP cannot
occur at any pressure. 5 bar is the usual testing pressure for gas pressurised pipes.
Combining critical pressure and temperature data can provide a simple and useful
operating criterion for the prevention of RCP. Figure 6.4 shows the RCP bound-
aries determining critical conditions with respect to temperature and pressure.
The temperature transition from brittle to ductile behaviour is relatively sharp
and can be observed when test pressures exceed 5 bar [37]. As observed in Fig.
6.4, the critical pressure Pc−S4 decreases to an almost constant value at temper-
atures below Tc−S4 and it increases rapidly above Tc−S4 making RCP impossible.
Therefore, the ideal pipe material is one that always operates above its Tc−S4 [37].
False arrests or cloche results have been reported [23, 126, 127] in which crack
arrests occur at temperatures below the Tc−S4 and at higher test pressures, and in
other cases, specimens fail at pressures rather lower than arrest results at the same
testing temperature. This effect has been attributed to the rapid gas discharge
and the high kinetic energy of the flaring pipe walls [23].
6.2.3 Correlation between FS and S4 tests
If a crack propagates in an FS test, air escapes through the opening it creates
(outflow) and is replaced by backflow from the uncracked region ahead [121]. In
an S4 test, however, pressurised air is unable to decompress by backflow and
therefore, RCP in S4 tests is possible at lower test pressures than in FS tests. The
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Figure 6.4: Schematic of propagation and arrest regimes for RCP [23]
correlation between FS and S4 critical pressure is described as
Pc = Pc−FS = 3.6Pc−S4 + 2.6 bar (6.2)
6.3 RCP performance of monolayered pipes with
different thermal history
To analyse the effect that residual stresses have on RCP performance, S4 tests
were performed to determine the critical temperature of 110/11 PE pipes with
different residual stress distributions: ‘as-received’, peeled (from bilayered pipes
with 0.4, 0.8 and 1.5 mm skin thickness) and annealed at 80◦C for 7 days. All
tests were performed following the same procedure:
• Pipes were internally notched in the initiation region to guarantee valid
crack initiation. The text printed axially on the outside surface of the pipe
was used as a reference for circumferential position in order to account for
variations in structural properties around the pipe [26].
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Figure 6.5: S4 critical temperature tests for 110/11 PE pipes with different
thermal history
• The conditioning temperature was set using Eq. 6.1 and the pipes were kept
at that temperature for at least 16 hours.
• The gas gun firing the striker onto the pipe was set at 5 bar. All samples
were pressurised at 5 bar.
• The crack was initiated by releasing the striker after the pipe had been at
room temperature for 2 mins 40 secs.
Results are shown in Fig. 6.5 and Table 6.1. Residual stress results found by ring
slitting (Section 4.4) and crystallinity at the pipe bore found by density measure-
ments (Section 3.3.2) are also shown in Table 6.1 for comparison. It is observed
that the lower the residual stresses and the higher the bore crystallinity, the lower
the critical temperature. For annealed pipes propagation was not found down to
-31◦C. Tests at lower temperatures were not possible due to the cooling range of
the freezer units available.
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Pipe Tc−S4 [◦C] σθ [MPa] Crystallinity [%]
Solid ‘as-received’ -14 2.12 62.28
Peeled (0.4mm skin) -15 1.47 62.41
Peeled (0.8mm skin) -17 1.45 63.36
Peeled (1.5mm skin) -20 1.38 64.06
Annealed (7 days at 80◦C) (< -31) 0.92 64.92
Table 6.1: S4 critical temperature, residual stresses and bore crystallinity for
110/11 PE pipes with different thermal history
This improvement in RCP performance by annealing the pipes has been reported
previously. Morgan [38] annealed PE80 and PE100 specimens at 80◦C for 2 weeks,
which reduced residual stresses by approximately 50%. For PE80 pipes he reported
an increase in the critical pressure from 3.98 to 4.3 bar, but found that the ductile
to brittle transition temperature was not affected. On the other hand, the impact
performance of PE100 was found to change dramatically by annealing the material.
The ductile to brittle transition temperature dropped 25◦C after annealing.
Lamborn [39] annealed 2 inch SDR11 bimodal HDPE pipes at 100◦C for 4 hours
and reported an improvement in Tc−S4 of 18◦C, which dropped to -36◦C. In other
tests, Lamborn et al. [128] also found that pipes annealed at 80◦C for 12 hours
displayed 400% longer failure times when subjected to a continuous hydrostatic
pressure.
Argyrakis [23] annealed 250/11 PE100 pipe specimens at 80◦C for 7 days. Because
of the oven size limitations, annealing long specimens for critical temperature S4
tests was not possible, and therefore, S4 initiation tests (without any internal
pressure) in short specimens were carried out at four different temperatures and
two different striker speeds. It was reported that annealed specimens performed
much better by showing shorter crack lengths for the same impact conditions.
Before discussing these results and the possible reasons why annealing the pipes
is improving their RCP performance, some more results on annealed pipes are
presented. Figure 6.6 shows the S4 critical temperature tests for pipes annealed
at 80◦C for different time periods. Due to the lack of solid pipe specimens at that
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0.4 mm skin 0.8 mm skin 1.5 mm skin
Hours σθ Crystallinity σθ Crystallinity σθ Crystallinity
annealed [MPa] [%] [MPa] [%] [MPa] [%]
0 1.47 62.41 1.45 63.36 1.38 64.06
4 1.28 62.65 0.95 63.47 0.98 64.24
24 1.01 63.07 0.82 63.59 0.74 64.59
48 0.91 62.38 0.77 63.81 0.76 64.92
96 0.85 64.27 0.66 65.23 0.61 66.51
Table 6.2: Residual stresses and bore crystallinity for 110/11 PE pipes an-
nealed at 80◦C for different time periods
time, bilayered pipes were peeled and then annealed. Results for residual stresses
and bore crystallinity are summarised in Table 6.2.
As observed in Fig. 6.6, most of the annealed pipes showed crack arrests. The
only propagations were for the 0.4 and 0.8 mm peeled pipes annealed for 4 hours.
Their critical temperature Tc−S4 decreased 13 and 12◦C respectively. Although
the Tc−S4 of the rest of the pipes was not found, a trend can be observed from
their crack lengths: the lower the residual stresses and the higher the pipe bore
crystallinity (longer annealing times), the shorter the cracks.
The Irwin-Corten model [129] predicts RCP by applying linear elastic fracture
mechanics (LEFM) to a pipe geometry. It assumes that all, but only, the strain
energy stored in the pipe wall is responsible for the extension of the crack, which
means that no energy is retained during fracture to be released as kinetic energy
behind the crack [130]. Although this analysis is inappropriate for gas pressurised
pipes since it does not account for the high gas energy content, it provides a basis
for understanding one of the effects that residual stresses have on RCP.
According to their model, as a crack advances by a length δa, the change in
potential energy δUp (stored elastic energy) within a closed volume (Fig. 6.7) is
equated to the change in dissipated energy δUs by
δUs
δa
+
δUp
δa
= 0 (6.3)
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Figure 6.6: S4 critical temperature tests for 110/11 PE pipes annealed at
80◦C for different time periods
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Figure 6.7: The Irwin-Corten control volume [24]
Neglecting the pressurised fluid, considering only hoop stresses σθ and assuming
a linear elastic behaviour gives for thin-walled pipes
δUp = −
(
σ2θ
2E
)
pi(D − h)hδa (6.4)
where E is the dynamic tensile modulus of the pipe material, D the external pipe
diameter and h the pipe thickness. The solution for thick-walled pipes can be
found in the literature [24].
If the crack driving force G is defined as the rate of change in potential energy per
crack area, from Eq. 6.4
G = −δUp
δA
=
(
σ2θ
2E
)
pi(D − h) (6.5)
where δA is the increase in crack area hδa.
When a pipe is annealed residual stresses relax, reducing both the stored strain
energy in the pipe wall and the crack driving force. Therefore, according to this
model, the RCP resistance of an annealed pipe is improved by the reduction in
stored energy as a result of residual stress relaxation.
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Figure 6.8: Flaring wall pipe during RCP [23]
However, during RCP in gas pipelines axial speeds up to 300 m/s are attained
and kinetic terms cannot be ignored. It is known [131–133] that the crack driving
force is significantly increased by the work done by the expanding fluid on the
flaring pipe wall (Fig. 6.8). As the crack propagates, residual stresses are released
through a closing moment applied to the section behind the crack tip affecting the
opening of the pipe. Davis [36] proposed that “the critical pressure must therefore
counteract this closing moment before providing a sufficiently high crack driving
force for propagation”. By applying simple beam theory to a semi-circular section
of pipe geometry and Castigliano’s first theorem, Davis derived and expression
for the additional static pressure pM required to counteract this residual closing
moment
pM =
σθh
2
6R2
(6.6)
where h is the pipe thickness and R the internal radius.
As residual stresses relax, pM decreases and the crack opening displacement in-
creases, which will tend to increase the crack driving force. Therefore, there are
two opposite effects of residual stresses on crack propagation: (1) they increase
stored energy prior to crack propagation thus helping to drive the crack, but (2)
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they decrease the crack driving force through an additional static pressure induced
by a residual bending moment.
Because annealing significantly improved the RCP resistance of the pipes, it can
be suggested that the decrease in stored energy has a more significant effect on
RCP than that of a lower residual bending moment which allows more opening
of the pipe. However, this improvement in RCP performance cannot be only
attributed to the relaxation of residual stresses since an increase in crystallinity is
also observed during annealing (Tables 6.1 and 6.2). Before continuing with the
analysis of the effect of residual stresses on RCP, it is necessary to separate both
variables.
6.4 Modification of the pipe bore crystallinity
Although the most noticeable effect of annealing a pipe is the relaxation of residual
stresses, the improvement in RCP performance after annealing cannot be solely
attributed to this relaxation since an increase in crystallinity has also been ob-
served. This increase, although marginal (3-5%), should not be disregarded, as
crystallinity plays an important role in the shear lip formation during crack propa-
gation, which is associated with higher fracture toughness due to the plane stress-
like deformation. In order to evaluate the effect of residual stresses and crystallinity
on RCP performance independently, an experimental technique which modifies one
of these variables without significantly affecting the other is required.
Argyrakis [23] proposed an experimental procedure in which the properties of the
pipe bore are modified without significantly changing the distribution of residual
stresses through the pipe wall. Figure 6.9 shows the set up of the experimental
assembly used by Argyrakis, in which a 1 kW quartz infrared emitter is fitted inside
the pipe on a mounting bar. The experiment consisted of heating a localised region
of the pipe bore to a temperature higher than the melting temperature Tm and
then rapidly cooling it by spraying water onto it. In this way, crystallinity was
reduced from 67 to 58% as measured by DSC. The cycle was then repeated by
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Figure 6.9: Experimental set up for modifying crystallinity at the bore of
250/11 PE pipes used by Argyrakis [23]
successively moving the heater axially to treat the entire pipe length. Because
heating was very localised and the heat affected zone was never deeper than 4
mm, the residual strain distribution remained almost unchanged: a 2% reduction
was found by ring slitting.
In order to apply this experimental technique to 110/11 PE pipes, some modifica-
tions were made to the set up proposed by Argyrakis. Because of its dimensions,
the rectangular infrared heater could not be used in 110/11 pipes as it would affect
a greater area and probably have a greater impact on the residual stress distribu-
tion. Therefore, it was decided to use a 1 kW straight immersion heating element
with an 8 mm diameter in order to heat a very localised area at the pipe bore.
This experimental set up is illustrated in Fig. 6.10. Another advantage of using a
long straight heating element is that the entire pipe length can be homogeneously
heat-treated in a single cycle.
To investigate the extent of the area affected by this heat treatment, a 2D non-
linear thermal analysis was performed in finite elements [134]. In order to define
the boundary conditions, the view factor (the proportion of all the radiation which
leaves one surface and strikes the other) between the heater and the pipe was ob-
tained assuming an ‘infinitely long strip element to infinitely long parallel cylinder’
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Figure 6.10: Experimental set up used to modify the crystallinity at the pipe
bore for 110/11 PE pipes
configuration [135]. A view factor of Fd1−2=0.5714 was found. The heat flux was
calculated by using thermal radiation based on the Stephan-Boltzmann law:
Q = σεA1Fd1−2(T 41 − T 42 ) (6.7)
where σ=5.669 ×10−8 W/m2K4 is the Stephan-Boltzmann constant, ε the emis-
sivity of the surface (assume 1 for the heater), A1 the heater-pipe surface, T1 the
heater temperature and T2 the pipe room temperature. A heat flux Q/A1 = 10.83
kW/m2 was found.
For the finite element analysis an initial uniform temperature of 20◦C was assumed.
Both inner and outer pipe surfaces were assumed to be under natural convection
with a heat transfer coefficient of 1 W/m2K, except for the zone receiving radia-
tion. Material properties such as density, specific heat and thermal conductivity
were defined according to the values reported in Table 3.4. Figure 6.11 shows
the finite element simulation of the heat treated zone after 3 minutes of heating.
It is observed that the layer of material that reached the melting temperature
Tm=130
◦C is 2.5 mm depth, which is larger than the plastic zone size. The depth
of this zone was found to be 4 and 5 mm for heating times of 5 and 7 minutes.
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Figure 6.11: Modification of the pipe bore crystallinity: FE heat transfer
simulation of the heat treated zone after 3 minutes of heating
It can also be observed that the area affected by the heat is very localised and
therefore, the residual stresses on the rest of the pipe should remain unchanged.
110/11 PE pipes were heat treated for 3, 5 and 7 minutes and cooled down with
water at room temperature or by forced convection using a fan. After heat treating
the pipes, they were prepared for S4 testing. To guarantee that the crack initiates
at the heat treated zone, they were notched along that area. S4 tests at 5 bar
were performed to find critical temperature Tc−S4. Results are shown in Fig. 6.12
and Table 6.3 where pipe bore crystallinity and residual stresses measured after
S4 testing are also reported.
As expected, crystallinity at the heat treated zone decreased. This decrease was
more significant in water cooled pipes (from 62 to 44% crystallinity) as the cooling
rates after melting the polymer were higher. Some relaxation of residual stresses
was observed, especially in pipes cooled by air (∼7% decrease after heating for
7 minutes). However, for water cooled pipes residual stresses were reduced by
only ∼4% for pipes heated for 7 minutes, a change significantly lower than that of
crystallinity.
When RCP is sustained in PE, two different regions in the fracture surfaces can be
distinguished (Fig. 6.13). Plane strain prevails in the flat and brittle region while
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Figure 6.12: S4 critical temperature tests for 110/11 PE pipes after modifying
pipe bore crystallinity
Time Tc−S4 σθ Crystallinity
Cooling [min] [◦C] [MPa] [%]
Fan 3 -14 2.08 55.82
5 -16 2.01 52.20
7 -18 1.98 47.80
Water 3 -15 2.13 48.54
5 -17 2.06 48.80
7 -16 2.04 44.20
‘As-received’ - -14 2.12 62.28
Table 6.3: S4 critical temperature, residual stresses and bore crystallinity for
110/11 PE pipes after modifying pipe bore crystallinity
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Plane stress
Plane strain
(a) (b)
Figure 6.13: (a) Plane strain and plane stress regions on a RCP fracture
surface and (b) shear lip detail [20]
the pipe bore is subject to plane stress conditions, leading to the development
of ‘shear lips’. The dynamic fracture resistance GD can be expressed in terms of
plane strain G1D and plane stress G2D components as
GDB = (B − 2s)G1D + 2sG2D (6.8)
where s is the width of the plane stress region and B the width of the crack path.
G1D can be measured by the high speed double torsion test [136, 137] or the
hydrostatic S4 test [24] while G2D can be measured with the Reversed Charpy
test [138]. Shear lips are associated with high values of GD as the plane stress
region absorbs more energy per unit area than the plane strain region, providing
an effective mechanism of crack arrest [20, 139]. Harry [140] concluded that shear
lips provide the bulk of the pipe resistance to RCP, which was supported by the
significant reduction in Pc when the pipe bore was notched and thus the shear
lip was ‘removed’. He also concluded that the toughness of PE100 increases with
crystallinity.
It has been reported [36] that increasing the cooling rate during processing leads
to a decrease in lamella thickness, which inhibits the drawing capability of PE and
the development of shear lips. O¨zbek [37] concluded that the drawing stability of a
resin is mostly influenced by the yielding process and that plane stress resistance
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   72% Crystallinity                                            64% Crystallinity
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Figure 6.14: Schematic diagram of the morphology of (a) a slow cooled and
(b) fast cooled linear PE
is increased by slow cooling as higher crystallinity leads to higher yield stress
[141–144].
With this in mind, a reduction in Tc−S4 as shown in Fig. 6.12 and Table 6.3
(except for the 7 minutes water-cooled pipe) was not expected after the pipe bore
crystallinity was significantly reduced. Similar results were found by Argyrakis
[23], who performed S4 tests on 250/11 heat treated pipes at their former Tc−S4
and all the tests produced short arrests, with the crack length being equal or
shorter than one diameter.
Brown and Ward [141] investigated the relationships between morphology and
the ductile-brittle transitions in PE through tensile tests. Figure 6.14 illustrates
the structure of a slow and a fast cooled linear PE. It is observed that in the
slow cooled material the lamellar crystals are thicker and longer than in the fast
cooled material. Also, the degree of crystallinity is higher as mentioned previously.
The vertical lines in the amorphous or ‘intercrystalline’ region indicate the tie
molecules, which provide the strength to keep both crystalline and amorphous
phases together. Brown and Ward proposed that the variations in brittle fracture
stress are related to the density of tie molecules: the higher this density, the
higher the brittle fracture stress. They concluded that the brittle fracture stress
of linear PE increases with increasing cooling rate as it increases the number of
tie molecules (as illustrated in Fig. 6.14) leading to a higher energy dissipation
prior to fracture.
Chapter 6. The effects of residual stresses on rapid crack propagation 151
According to the Ludwig-Davidenkin-Orowan hypothesis [145], brittle fracture
occurs when the yield point exceeds the fracture stress. Therefore, the brittle
fracture behaviour of their slow cooled linear PE samples was attributed to a
low fracture stress and high yield point due to its high crystallinity and lower
number of tie molecules. However, because the relationship between yield point
and structure depends very much on the temperature, a rapid increase in ductility
was observed above -13◦C, which was associated with the softening of the crystals
leading to a lower yield point.
This might explain why pipes with significantly lower crystallinity performed bet-
ter on S4 tests: the lower the crystallinity and the more tie molecules, the lower
the yield point and the higher fracture stress. However, it is important to notice
that the decrease in Tc−S4 found in this investigation is not as significant as the
decrease found in annealed specimens, which may indicate that crystallinity effect
on RCP performance is not as significant as the effect of residual stresses.
6.5 Surface heat treatment to modify residual
stresses in PE pipes
As mentioned in the previous section, the effect of residual stresses on RCP per-
formance seems to be more significant than that of crystallinity. In order to
investigate this, it was decided to completely isolate the effect of residual stresses
from those of the material properties at the pipe bore, and then evaluate RCP
performance by conducting S4 tests.
A surface heat treatment rig was designed (Fig. 6.15) in which the pipe is heated
from the outer surface, relieving some of the residual stresses without changing
the material properties at the bore. The pipe is mounted in a spit rod between
two rows of infrared heaters. It rotates at 3 rpm while it is heated. The distance
between the heaters and the pipe surface was set to 5 or 10 cm and the pipes were
treated for different time periods (3, 5 and 10 minutes). The temperature inside
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Figure 6.15: Surface heat treatment rig
the pipe was monitored with a thermocouple, it was always below 50◦C. For a
5 cm configuration, the temperature at the outer surface reached 95◦C after 10
minutes. For a 10 cm configuration it reached 80◦C. After the heat treatment the
pipes were left to cool down at room temperature.
S4 tests were performed to find Tc−S4. After testing, residual stresses were mea-
sured by ring slitting and crystallinity at the bore was also determined. Results
are shown in Fig. 6.16 and Table 6.4. As expected, crystallinity remained the
same and residual stresses were reduced between 2-13% depending on the heat
treatment conditions. The critical temperature decreased with decreasing residual
stresses, except for the 10 cm – 3 min configuration in which Tc−S4 increased by
1◦C. A 5◦C improvement in Tc−S4 was found for the 5 cm – 10 min configuration
in which residual stresses were reduced by ∼13%.
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Figure 6.16: S4 critical temperature tests for 110/11 PE pipes after a surface
heat treatment to relieve residual stresses
Distance Time Tc−S4 σθ Crystallinity
[cm] [min] [◦C] [MPa] [%]
5 3 -14 2.03 62.21
5 -16 1.95 62.33
10 -19 1.85 62.28
10 3 -13 2.08 62.26
5 -16 2.00 62.30
10 -18 1.93 62.30
‘As-received’ - -14 2.12 62.28
Table 6.4: S4 critical temperature, residual stresses and bore crystallinity for
110/11 PE pipes after a surface heat treatment to relieve residual stresses
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This improvement in RCP resistance by residual stress relaxation indicates that
the reduction in crack driving force by reducing the stored energy in the pipe wall
is more significant than the effect of reducing the bending moment and allowing
more pipe opening. From the results on annealed specimens (Fig. 6.6) it can be
observed, especially for long annealing times, that the crack lengths during arrest
are usually 1.5 diameter in length or shorter. As the temperature decreases to
values near to the critical temperature there is a sudden increase in crack length.
This might indicate that the effect of residual stresses on RCP is more significant
during crack initiation than during propagation, and thus it seems again that the
effect on stored energy is more significant than that of the bending moment that
tends to close the pipe wall behind the crack.
However, because the stored strain energy contribution is relatively low (∼2 kJ/m2)
[23], there must be another way in which residual stresses are affecting RCP. Leev-
ers [146] suggests that this additional effect is related to the crack shape.
Consider the diagrams in Fig. 6.17. When a pipe is cut in the axial direction
residual stresses are released causing local bending, which results in a ‘negative
flaring’ (Fig. 6.17b). On the other hand, when an internal pressure is applied on
an axially cut pipe it will tend to open it, resulting in a ‘positive flaring’ (Fig.
6.17c).
Now, the effect of residual stresses on crack driving force can be analysed at
low pressures. If the internal pressure needed to drive the crack (positive flaring)
balances the negative flaring due to residual stresses, the crack surfaces will remain
in contact and the crack front will be symmetrical (Fig. 6.17d). If residual stresses
are lower, the same internal pressure needed to drive the crack will tend to open
the pipe (positive flaring), twisting the crack surfaces and changing the crack shape
(Fig. 6.17e). The crack front will be dragged back on the bore surface increasing
the fracture resistance and thus increasing the critical pressure.
Figure 6.18 shows the crack fronts of two pipes with the same thermal history
tested at 1.5 and 2.5 bar (both S4 tests at −20◦C). A relatively symmetrical shape
is observed for the 1.5 bar specimen, whereas for the the 2.5 bar specimen the crack
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(a) (b) (c)
(d) (e)
        Internal pressure balances                                  Internal pressure outweighs 
residual stresses `negative flaring’                      residual stresses `negative flaring’
Figure 6.17: (a) Undeformed pipe, (b) ‘negative flaring’ due to the release
of residual stresses, (c) ‘positive flaring’ due to an applied internal pressure,
(d) symmetrical crack front due to balanced flaring and (e) asymmetrical crack
front due to twisted crack surfaces
(a) 1.5 bar (b) 2.5 bar
Figure 6.18: Crack fronts of pipes with same thermal history after S4 testing
at different pressures
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Figure 6.19: Propagation and arrest regimes for pipes with different levels of
residual stresses
front is dragged back at the bore surface. Although conclusions cannot be drawn
from these tests, they illustrate the fact that as the pressure is increased and the
positive flaring outweighs the negative one, the crack surfaces are twisted and the
crack front is dragged back at the bore. A similar situation would be expected
for pipes with different levels of residual stresses tested at the same pressure. For
lower residual stresses it is more probable that the positive flaring due to the
applied pressure will outweigh the negative one and thus drag the crack front back
at the bore surface, increasing the fracture resistance.
Also, as temperature increases, plane stress fracture resistance increases and more
work is required to separate the ligament at the bore surface, which increases the
critical pressure further. This ‘positive feedback’ mechanism is responsible of the
sudden increase in critical pressure (Fig. 6.19).
When the crack shape is symmetrical, as shown in Fig. 6.17d, the critical pressure
at low temperatures will be lower. As a result, the temperature must increase
further in order to benefit from plane stress conditions, which will increase the
critical pressure to a level at which positive flaring will twist the crack surface and
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the positive feedback mechanism will be triggered. This ‘shift’ in the propagation
and arrest regime plots due to residual stresses is shown in Fig. 6.19.
6.6 Concluding remarks
The effect of residual stresses on the RCP performance of monolayered pipes was
investigated. S4 critical temperature tests were performed on 110/11 PE pipes
with different thermal history: ‘as-received’, peeled from skinned pipes, and an-
nealed for different time intervals. It was found that the critical temperature Tc−S4
of peeled and annealed pipes is lower than that of solid pipes, and that for an-
nealed specimens this improvement is more significant. For most of the annealed
pipes propagation was not found down to -31◦C. These results agree with results
from other publications.
However, this improvement in RCP performance could not be only attributed to
the relaxation of residual stresses since an increase in crystallinity was also ob-
served during annealing. Pipe bore crystallinity was modified by locally heating
a layer of material at the inner surface of the pipe. A finite element analysis
showed that the heat affected region was indeed very localised and thus the resid-
ual stress distribution was almost unaffected, which was verified by ring slitting.
Bore crystallinity in pipes heated for 7 minutes decreased from 62 to 44%. An
unexpected decrease of Tc−S4 was found for these pipes, which can be attributed
to the morphology of the polymer and the greater number of tie molecules in fast
cooled PE which leads to a higher energy dissipation prior to fracture. However,
this decrease in Tc−S4 for pipes with lower bore crystallinity was not as significant
as the decrease found in annealed specimens, which suggests that the crystallinity
effect on RCP performance is not as significant as the effect of residual stresses.
A surface heat treatment rig was used to relieve the residual stresses of the pipe
while keeping bore crystallinity constant. A reduction of ∼13% of residual stresses
was achieved and a decrease on Tc−S4 of 5◦C was found. This improvement in RCP
resistance indicates that the reduction in crack driving force by reducing the stored
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energy in the pipe wall is more significant than the effect of reducing the bending
moment and allowing more pipe flaring. Another indication of this is that the
crack length in annealed specimens is usually 1.5 diameter or shorter before a
sudden increase in crack length close to Tc−S4, which indicates that the effect of
residual stresses is more significant during crack initiation (stored strain energy)
than during propagation (residual bending moment).
Another possibility has been highlighted: residual stresses change the shape of
the crack front and this directly affects the fracture resistance of the pipe. When
the applied internal pressure outweighs the ‘negative flaring’ due to lower residual
stresses, the crack surfaces are twisted and the crack front is dragged back on the
bore surface, increasing the fracture resistance and the critical pressure.
Chapter 7
Experimental investigation of
Rapid Crack Propagation (RCP)
in bilayered pipes
7.1 Introduction
Among the key attractions of PE pipe systems are the ability to use non-dig
methods for pipe installation, and the ability to weld the pipes and fittings together
giving leak-free fully restrained joints. However, trenchless installation methods
such as pipe bursting and directional drilling may damage the pipe [147], and this
will have an impact on the pipe performance as cracks may grow from flaws and
scratches. In addition, although laboratory tests on fusion joints have proven that
for well-made contamination-free joints the joint strength can be equal or greater
than the pipe itself, it is also known that the joint quality can be reduced by poor
pipe preparation — leading to an early failure [110, 148].
In 1998, Radius Systems (formerly Uponor UK) developed a bilayered or ‘skinned’
pipe composed of a pressure rated core PE pipe, and a thin sacrificial and pee-
lable PP skin. The core PE pipe meets the outside diameter and wall thickness
requirements for solid wall pipe, that is, the PP skin constitutes extra material.
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The core PE pipe and the skin are co-extruded, meeting in the liquid phase in the
die. The skinned pipe is then cooled conventionally, with the skin shielding the
PE core from contact with the cooling water [149]. The external surface of the PE
core pipe is not in contact with the atmosphere until the PP skin is removed.
The skin serves to protect the core pipe during transportation, handling on site
and installation. It absorbs the damage and thus enhances the long-term strength
of the core pipe [150]. When the skin is removed it provides a clean virgin surface
ready for electrofusion (EF) joining, resulting in a rise in productivity on-site
as scraping is not necessary. Studies have shown that skinned pipes offer other
advantages such as an increase in falling weight impact strength when compared
to solid pipes, and a good long term stress crack performance [149]. Also, FS
RCP tests on skinned pipes (630 mm SDR 21) have shown that they met the RCP
requirements [151].
However, previous studies by Moreno [86] and Munch [26] have revealed another
effect of the skin layer: a surface embrittlement effect. They reported that a PP
skin attached to a PE100 pipe can be detrimental to the overall fracture resistance
of the pipe. S4 and three point bending impact tests showed that the PP skin
increases the critical and the transition temperatures of the pipe. They concluded
that the effect of the skin is essentially similar to that of thickness-induced con-
straint [152, 153], and that modulus inequality between skin and core material,
skin thickness and interfacial adhesion have an important role in determining the
fracture toughness of the bilayered structure.
In this chapter, an experimental investigation of the effect of thermal history on the
RCP performance of skinned pipes is presented and analysed in terms of interfacial
adhesion and residual stresses.
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Figure 7.1: S4 critical temperature tests for 110/11 skinned pipes
7.2 Surface embrittlement
Surface embrittlement occurs when a thin brittle layer is bonded onto the sur-
face of a normally ductile material causing it to fail in a brittle manner. This
phenomenon may arise from surface weathering and degradation [154] or from
common procedures such as the application of a thin layer of paint or a protective
film layer onto a tough material [155].
In order to investigate whether the PP skin has an embrittlement effect on the
PE pipe, S4 critical temperature tests (at 5 bar) were performed on 110/11 pipes
with different skin thickness (0.4, 0.8 and 1.5 mm). Results are shown in Fig. 7.1
and Table 7.1. It is observed that skinned pipes have higher Tc−S4 than the solid
pipe, this is, the addition of a PP skin has indeed an embrittlement effect on the
PE pipe.
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Skin Tc−S4 σθ Adhesive Fracture
Pipe thickness [mm] [◦C] [MPa] Energy [J/m2]
Solid - -14 2.12 -
Skinned 0.4 mm -10 1.59 161
0.8 mm -10 1.56 216
1.5 mm -11 1.47 245
Table 7.1: S4 critical temperature, residual stresses and adhesive fracture
energy for 110/11 skinned pipes
7.2.1 Effect of skin stiffness and thickness
Leevers and Moreno [25] developed a linear elastic model to explain and predict
the effect on brittle-tough transition temperature of a polymer when a skin is
attached to it. The model uses elastic plate theory and LEFM to investigate the
constraining effect of the skin on plastic deformation. It is assumed that the skin
is perfectly attached to the core material. It was concluded that the effect of the
skin is similar to that of thickness-induced constraint.
The model, as illustrated in Fig. 7.2(a,b) assumes a relatively thick core with a
stiff skin layer of a different material bonded to each of its free surfaces. First,
it calculates the dimpling or core surface deflection which would occur around
the crack under plane stress conditions and in the absence of the skin (Fig. 7.2c).
Then, it uses plate theory to calculate the external pressure distribution needed to
conform the skin to the deformed stress free surface (Fig. 7.2d). It then assumes
that this pressure distribution is actually applied to the skin by tensile tractions
acting through the skin-core interface. Finally, it compares these tensile tractions
σi to the through-thickness tensile stresses σzz which would be generated by plane
strain constraint. This comparison provides a criterion for skin-induced fracture
mode based on a dimensionless parameter C which is strongly dependent on skin
thickness h:
C ≡ σi
σzz
=
25
384
1
(1− ν22)
E2
E1
B1h
3r−4 (7.1)
where E1 and B1 are the elastic modulus and thickness of the core, E2 and ν2 the
modulus and Poisson’s ratio of the skin, and r the radius of the dimpling zone at
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Figure 7.2: (a) Unloaded through-thickness crack front in a multilayer plate,
(b) cross-section of crack plane near front, (c) plane stress core deformation on
loading of crack front and (d) axisymmetric bending to restore skin-core contact
[25]
the crack tip. According to this model, when r = rp (the plastic zone size) the
brittle to tough transition temperature TBT is defined as the point at which C=1.
This is, when C > 1 plane strain conditions are induced by the skin into a surface
previously under plane stress, removing the toughness usually associated with it.
Previous work on layered structures [26, 156], where the skin and core elastic
moduli are different, has shown that the predicted transition temperature using
this method agrees well with the measured one. It was concluded that the principal
source of surface embrittlement is the skin-core modulus inequality, although it
also predicts that the skin thickness plays a predominant role in the fracture
behaviour.
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For the present work, tensile properties of the three skins were determined us-
ing an instrumented low rate tensile test machine. Dumb-bell specimens were
stamped out from sheets of peeled PP skin [157]. An elastic modulus of 640, 625
and 621 MPa was found for the 0.4, 0.8 and 1.5 mm skin respectively (strain rate
of 0.02s−1). Similar values were reported by Munch [26], who worked with pipes
from the same manufacturer. Although all the skinned pipes tested during this
investigation were co-extruded from the same base materials, the amount of addi-
tives in the skin is modified in each pipe to achieve the desired adhesion, and that
explains the variations in modulus. However, this variation is relatively small,
and because C (Eq. 7.1) varies proportionally with the third power of the skin
thickness h, the constraint and thus the embrittlement effect was expected to be
more significant for thicker skins.
As shown in Fig. 7.1 and Table 7.1, pipes with 0.4 and 0.8 mm skin have the
same critical temperature (Tc−S4 = −10◦C) while the thickest skin (1.5 mm) has
a lower Tc−S4 = −11◦C. Although the difference is minimal, this slightly better
RCP performance for 1.5 mm pipes can be explained with another variable: the
adhesion between the pipe and the skin, which varies from one pipe to another.
7.2.2 Effect of adhesion
Munch [26] reported that a change in the level of adhesion between the skin and
the core pipe affects the RCP performance of the whole composite. She presented
a model in which the skin debonds from the core within a certain radius from
the crack tip. If the plane stress plastic zone is smaller than this debond radius
then the constraining effect of the skin is completely lost. If the plastic zone
is larger, the skin will delay yield and thus constrain the core. The higher the
interfacial adhesion, the smaller the debond radius and the more the effect of the
skin approaches the assumptions from the previous constraint model.
This section will briefly describe the model proposed by Munch, which was devel-
oped in conjunction with a blister test analysis to determine the level of adhesion
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Figure 7.3: Comparison between (a) a crack front extending in a bilayered
plaque and (b) a blister test configuration [26]
below which a thin skin does not succeed in constraining a thermoplastic core to a
plane strain state. First, the curvature of the core surface deflection region around
the crack under plane stress conditions (Fig. 7.3a) is calculated
κ1 =
3
4
ν1B1
E1
KI√
2pi
r−
5
2 (7.2)
where ν1, B1 and E1 are the Poisson’s ratio, thickness and elastic modulus of
the core, KI is the stress intensity factor and r the radius of curvature, which is
considered to be the plastic zone radius rp.
This curvature will then be compared to the curvature of a thin plate on a rigid
substrate during a blister test (Fig. 7.3b)
κ2 = 2
√
6
(
1− ν22
E2h3
GA
) 1
2
(7.3)
where ν2, E2 and h are the Poisson’s ratio, elastic modulus and thickness of the
skin, and GA is the adhesive fracture energy between the skin and the core.
The curvature comparison factor ∆ is defined as
∆ =
κ1
κ2
(7.4)
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If the plane stress plastic zone is smaller than the debond radius then ∆ > 1 and
the skin will not exert any constraint on the core material. Lower adhesive fracture
energy values GA will result in lower κ2 (Eq. 7.3) and thus lower constraint.
Therefore, the small decrease in critical temperature found for 1.5 mm skinned
pipes when compared to pipes with thinner skins, might be related to a lower
interfacial adhesion, which was measured through peel tests.
7.2.2.1 Peel test results
The following analysis is based on the work of Moore and Williams [158, 159].
Figure 7.4 shows an illustration of the fixed arm peel test. A laminate of thickness
h and width b is peeled off a fixed substrate at a peel angle θ with a force P acting
on the peel arm. An angle θ = 90◦ was used in this investigation. In order to peel
the skin from the substrate or core material, it is necessary to provide energy in
the form of external work to the laminate. An energy balance is used to calculate
the adhesive fracture toughness GA as
GA =
dUext
bda
− dUs
bda
− dUdt
bda
− dUdb
bda
(7.5)
where Uext, Us, Udt and Udb refer to external work, strain, tensile deformation and
bending deformation energies, respectively, and da is the peel fracture length. The
first term (dUext/bda) is given by the peel force and angle. The other energy terms
need to be solved. For the ideal case when the peel arm does not extend and the
bending deformations are elastic, GA is
GA =
P
b
(1− cosθ) (7.6)
Taking into account the tensile deformation in the peel arm, the peel fracture
toughness for a strain  and a stress σ becomes
Geb =
P
b
(1 + − cosθ)− h
∫ 
0
σd (7.7)
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Figure 7.4: Schematic of a fixed arm peel test [26]
If work is stored as elastic energy and dissipated though irreversible deformation
and bending of the peel arm, the plastic strain energy release rate Gdb has to be
subtracted from Geb and GA becomes
GA = G
eb −Gdb = P
b
(1 + − cosθ)− h
∫ 
0
σd− 1
b
dUdb
da
(7.8)
where Udb is the energy lost in bending of the peel arm in the vicinity of the peel
crack front.
Peel tests were performed on a low rate instrumented tensile machine using a jig
with a linear bearing system. The specimens were cut axially from the pipe and
were 150 mm long and 10 mm wide (arm width). They were secured by two
screws in a sample holder, as shown in Fig. 7.5. GA was calculated using the
IC Peel Excel spreadsheet [160] by knowing the average peel force and peel arm
deformation.
Results are summarised in Table 7.1. Although peeling the skin by hand seems to
be easier for thicker skins, results show that adhesion increased with skin thickness.
Similar results were reported by Munch [26]. This means that thicker skins, which
have higher interfacial adhesion, should exert a greater constraint in the core
and induce plane strain conditions, decreasing the RCP resistance of the pipe.
However, as highlighted previously, the critical temperature of these pipes was
relatively lower than the others.
Chapter 7. Rapid crack propagation in bilayered pipes 168
Figure 7.5: Sample holder for peel tests [26]
Figure 7.6: Debonded skin at certain circumferential position on a 1.5 mm
skinned pipe
Although peel test results showed a higher adhesion for 1.5 mm skinned pipes,
examination of the pipes revealed that at certain circumferential positions the
skin was completely debonded, as shown in Fig. 7.6, and thus the constraining
effect of the skin at that region was completely lost, which may explain the lower
critical temperature.
In order to verify this, ‘zero-adhesion’ skinned pipes were prepared and tested. In
reality, there should be a minimum level of adhesion between the skin and the core
(peel forces of at least < 0.2 N/mm) to avoid the skin becoming detached during
pipe coiling, pipe storage and when using some no-dig pipe installation procedures
[149]. 1.5 mm skinned pipes were carefully peeled and the skin was then used to
wrap the same pipe and welded back together (Fig. 7.7).
S4 tests were performed at −10 and −15◦C, the crack lengths were 225 and 385
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Figure 7.7: ‘Zero-adhesion’ bilayered pipe
mm respectively (crack arrests). According to the S4 test results presented in
Table 7.1, pipes with zero-adhesion performed better than the as-received 1.5
mm skinned pipes (Tc−S4 = −11◦C) and also better than the solid specimens
(Tc−S4 = −14◦C) as propagation was not found until -17◦C. This is in agreement
with Munch suggestion that as the adhesion decreases, there is a threshold value
below which the skin no longer constrains the core pipe, and that bilayered pipes
may even present a better fracture behaviour than the monolayered ones. Although
in this case, adhesion was completely removed rather than decreased to a threshold
value, and the skin was just shielding the pipe and absorbing part of the impact
energy.
Also, the lower level of residual stresses on the core PE pipe might be improving
the RCP performance of the 1.5 mm skinned pipe. As shown in Table 7.1, these
pipes have residual stresses 5.7 and 7.5% lower than the 0.8 and 0.4 mm skinned
pipes respectively. The effect of residual stresses on the RCP performance of
bilayered pipes will be analysed in the following sections.
7.3 Annealed bilayered pipes
0.8 mm skinned pipes were annealed in a fan oven at 80◦C for different time
intervals. They were cooled down at room temperature. Residual stresses were
measured by ring slitting and peel tests were performed to determine the adhesion
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Figure 7.8: Crack length, residual stresses and adhesive fracture energy for
annealed 0.8 mm skinned pipes at -18◦C
Hours Crack length/ σθ Adhesive Fracture
Annealed diameter [MPa] Energy [J/m2]
0 6.13 1.56 216
4 2.59 1.48 231
7 1.45 1.36 280
24 1.36 1.21 320
48 1.00 1.19 322
72 2.36 1.12 343
96 0.95 1.01 407
120 1.04 0.95 448
Table 7.2: Crack length, residual stresses and adhesive fracture energy for
annealed 0.8 mm skinned pipes at -18◦C
between skin and core. Because of the short supply of material available at that
time, critical temperatures were not determined, tests were performed at -18◦C
(Tc−S4 = −10◦C for ‘as received’ 0.8 mm skinned pipes) and crack lengths were
measured. Results are shown in Fig. 7.8 and Table 7.2.
It is observed that residual stresses decrease with annealing time while adhesion
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Figure 7.9: S4 critical temperature tests for annealed 0.4 mm skinned pipes
increases. After 120 hours, residual stresses were reduced by 40% while adhesion
was doubled. A relatively small increase in elastic modulus (∼2%) was found
for pipes annealed for 5 days. This increase in adhesion with annealing time
has been reported previously for PE-PP interfaces [161] and blends [162] and is
attributed to the thermodynamical motion of the molecules, which allows them
to interdiffuse through the interface and entangle with each other. The longer the
annealing time, the higher the number of entanglements will be and the greater
the adhesion. From the results in Fig. 7.8 and Table 7.2. it is also observed that
crack length decreased with annealing time, which means that the positive effect
of residual stress relaxation on RCP performance was more significant than that
of increasing adhesion and constraint.
0.4 mm skinned pipes were annealed at 80◦C for 4 and 24 hours. S4 critical
temperatures were measured and results are shown in Fig. 7.9 and Table 7.3.
Again, residual stresses decrease while adhesion increases with annealing time.
Tc−S4 decreased significantly for the 24 hours annealed pipe (from -10 to -19◦C).
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Hours Tc−S4 σθ Adhesive Fracture
Annealed [◦C] [MPa] Energy [J/m2]
0 -10 1.59 161
4 -13 1.47 219
24 -19 1.29 278
Table 7.3: S4 critical temperature, residual stresses and adhesive fracture
energy for annealed 0.4 mm skinned pipes
Time Tc−S4 σθ Adhesive Fracture
Pipe [min] [◦C] [MPa] Energy [J/m2]
0.4 mm 0 -10 1.59 161
5 -8 1.56 198
10 -9 1.51 205
0.8 mm 0 -10 1.56 216
5 -10 1.51 198
10 -11 1.44 183
1.5 mm 0 -11 1.47 245
5 -13 1.42 212
10 -13 1.35 187
Table 7.4: S4 critical temperature, residual stresses and adhesive fracture
energy for 110/11 skinned pipes after a surface heat treatment to modify the
adhesion between the skin and the pipe
7.4 Surface heat treatment to modify interfacial
adhesion
To investigate the effects of residual stresses and interfacial adhesion on RCP per-
formance separately, the surface treatment rig described in Section 6.5 (Fig. 6.15)
was used to modify the adhesion between the skin and the core. Residual stresses
in the core pipe remained almost unchanged (Table 7.4) while the interfacial adhe-
sion was modified by ∼12-25%. For 0.4 mm skinned pipes the adhesion increased,
however, for 0.8 and 1.5 mm skinned pipes it decreased.
A decrease in adhesion with a similar heat treatment was reported by Munch [26],
who treated moulded bilayered laminates with infrared heaters approximately 100
mm above their surface. As mentioned previously, higher temperatures promote
chain mobility, which allow them to interdiffuse through the interface and entangle
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with each other, increasing the interfacial adhesion. This is the case of annealed
specimens, where the pipes are left at high temperatures for long periods of time.
However, during this surface heat treatment the 0.8 and 1.5 mm skins are pre-
venting the core pipe to reach a temperature high enough for interdiffusion to
take place, only the PP skin molecules are moving and disentangling and thus
there is a decrease in interfacial adhesion. In the case of a 0.4 mm skin the heat
is able to reach the core pipe surface and interdiffusion is promoted increasing the
adhesion. By using the thermal data in Table 3.4, the estimated diffusion time for
a 110/11 pipe with a 1.5 mm skin is 15 minutes.
S4 tests were performed on the heat treated pipes to find the critical temperature
Tc−S4. Results are shown in Fig. 7.10 and Table 7.4. It is observed that in general,
the lower the adhesion, the lower Tc−S4, except for the 0.4 mm skinned pipe treated
for 10 minutes in which Tc−S4 slightly decreased with a small increase in adhesion.
This can be an effect of the relatively small residual stress relaxation, which as
suggested in the previous section, might be outweighing the effect of interfacial
adhesion.
7.5 Concluding remarks
The effect of adhesion and residual stresses on the RCP performance of skinned
pipes was investigated through a series of S4 tests on pipes with different thermal
history: ‘as received’, annealed, and heat treated to modify the interfacial adhesion
between the skin and the core. It was found that the addition of a thin skin (0.4–
1.5 mm) increased the critical temperature of the pipe by 3–4◦C. Tensile tests
revealed that the three skins have similar elastic modulus before and after the
heat treatments. Therefore, modulus inequality between skin and core was not a
significant variable in the analysis as all the pipes have the same level of inequality.
Adhesion was investigated as it was expected that higher adhesion levels enhance
the constraint effect of the skin over the core, promoting plane strain conditions
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Figure 7.10: S4 critical temperature tests for 110/11 skinned pipes after a
surface heat treatment to modify the adhesion between the skin and the pipe
and increasing the critical temperature. Peel tests were performed to find the ad-
hesion between skin and core and it was found that it increased with skin thickness.
However, for the 1.5 mm pipe a complete debonding of the skin was observed at
some circumferential positions, which might explain the better RCP performance
of this pipe even when its adhesion in other regions is higher than the other pipes.
Annealing decreased residual stresses and increased the interfacial adhesion as high
temperatures promote chain motion which allows interdiffusion of the molecules
though the interface. The RCP performance of these pipes improved (9◦C for 0.4
mm skinned pipes), an indication that the effect of relaxing residual stresses by
approximately 40% had a major impact than that of doubling the adhesion.
However, tests on surface heat treated pipes showed that when only the adhesion
is modified, it indeed plays an important role in the RCP pipe performance, with
pipes with higher adhesion having higher critical temperature.
Chapter 8
Conclusions and future work
8.1 Overview
The aim of this study was to investigate the effects that residual stresses have
on the performance of PE pipes. Residual stresses in plastic pipes develop dur-
ing post-extrusion cooling due to non-uniform cooling conditions within the pipe
wall thickness. However, the cooling conditions determine not only the level of
residual stresses, but also the crystallinity, morphology and other properties of
the pipe, which all influence the pipe performance in service. Because it is known
that crystallinity plays an important role in the shear lip formation during crack
propagation, which is associated with higher fracture toughness, it was decided
to include crystallinity in the investigation. A simulation of the post-extrusion
cooling process, coupled with a kinetic model of crystallisation and the residual
temperature field concept, was presented and its results were validated with ex-
perimental data for both crystallinity and residual stresses.
Residual stresses were measured by ring slitting and layer removal. These methods
rely on monitoring distortions in the specimen by deliberately removing material
allowing the stresses to relax. An experimental method was proposed to resolve
a very localised region of high compressive stresses at the outer surface of the
pipe. During these measurements, a relatively significant deformation in the axial
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direction was noticed, which was later highlighted as a possible inconvenience for
electrofusion joining. When a pipe is cut to length, residual stresses are released
through a bending moment, which causes the cut ends to taper inwards, reducing
the diameter of the pipe. These variations in diameter near the cut ends, known as
barreling, will increase the gap between the pipe and the EF fitting, decreasing the
strength of the joint. Barreling was investigated in terms of the residual stresses set
up during cooling, and its effect on EF joining was discussed based on standards
and common procedures.
The effect of residual stresses on RCP was also investigated. Previous studies
reported a significant improvement in critical temperature when pipes were an-
nealed. This improvement was attributed to a decrease in residual stresses and
stored strain energy prior to crack propagation, which reduces the crack driving
force. However, an opposite effect was also highlighted: residual stresses increase
the bending moment behind the crack tip, reducing the flaring of the pipe wall
and thus reducing the crack driving force. Therefore, it was of great interest to
investigate which of these opposite effects have a major influence on RCP resis-
tance. Pipes were annealed for different time intervals, leading to an improvement
in RCP performance. Two experimental techniques were used to modify residual
stresses and crystallinity, one at a time, in order to investigate its effect on RCP
separately. Results and conclusions are summarised in this chapter, including
those for bilayered or skinned pipes.
8.2 Post-extrusion cooling process
A one-dimensional heat transfer analysis using a control volume method and ex-
plicit finite difference equations was used to model the cooling process. Material
properties and processing conditions were either determined experimentally or
found in the literature. The heat transfer coefficients for spray cooling reported
by Pittman et al. [29, 60], for different units along the cooling line, were used in the
simulations. A temperature dependent thermal conductivity was also considered.
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From the thermal history plots of different layers of material, it was found that
the temperature profile within the pipe wall is mainly governed by the poor heat
conduction properties of the polymer, while the outer layers of the pipe are pre-
dominantly influenced by the heat transfer coefficients at the pipe surface. These
variations in temperature and cooling rate within the pipe wall, which are also
affected by the pipe dimensions, are responsible of the development of residual
stresses and crystallinity profiles.
A kinetic model of crystallisation proposed by Phillips and Ma˚nson [52] was cou-
pled to the heat transfer analysis. It was observed that crystallisation starts im-
mediately upon thermal equilibrium at the crystallisation temperature, and that
the polymer generates a plateau in temperature through the evolution of latent
heat, which is maintained while crystallisation is taking place. This plateau tem-
perature is determined by the cooling rate: the higher the cooling rate, the lower
the plateau temperature. The rate of crystallisation also varies with temperature
and cooling rates, at low cooling rates crystallisation is controlled by heteroge-
neous nucleation and growth, and at higher cooling rates both homogeneous and
heterogeneous nucleation are present. This generates a crystallinity profile with
regions that solidied at lower rates having higher crystallinity and vice versa.
Similar crystallinity profiles were found for all the pipes (110–250 mm SDR11),
and were compared with experimental results from density measurements using an
helium pycnometer: lowest crystallinity at the outer surface (∼60%) and highest
crystallinity at the middle of the pipe (∼63–64%). Results from the simulation
were higher than the experimental ones, and this is attributed to different pro-
cessing conditions in the actual production line.
In bilayered pipes, the core PE pipe and the PP skin are co-extruded, meeting in
the molten state in the die, which means that the PP skin shields the core PE pipe
during cooling, avoiding its contact with the cooling water and thus reducing the
cooling rate at the outer surface of the PE pipe. The thicker the skin, the lower
the cooling rate and the higher the crystallinity at the outer surface.
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8.3 Residual stresses
During the post-extrusion cooling of plastic pipes, heat removal from within the
pipe wall is almost entirely from the outer surface where a solid external layer
is formed. This layer restrains the thermal contraction of the core material as it
cools, leading to a distribution of residual stresses in which the outer layer will
come under compression while the core will be under tension. This residual stress
distribution depends on the temperature gradients at the moment of solidification,
which are integrated to form a residual temperature field. This residual temper-
ature field describes the relationship between the thermal history the material
went through during processing and the frozen-in strains, and if applied as an
actual temperature distribution it produces thermal stresses and distortions equal
to those caused by residual stresses.
The thermal history plots obtained from the heat transfer analysis were used to
find the temperature gradients at the moment of solidification for solid pipes (110–
250 mm SDR11). Lower temperature gradients were found inside the pipe near
to the inner surface where the cooling rates were lower. At the outer surfaces the
material solidified with higher temperature gradients due to the higher cooling
rates. After integrating these temperature gradients the residual stress distribu-
tions were calculated. It was found that, at least in this range, pipe size does not
seem to significantly affect the residual stress distribution. As expected, tensile
stresses (∼3 MPa) were obtained for the inner surface, while compressive stresses
(∼15–18 MPa) were predicted for the outer surface. Although the stresses at the
inner surface agree with other published results, the values predicted for the outer
surface are significantly higher than experimental values reported elsewhere.
Experimental methods were used to measure the residual stresses in the pipes in or-
der to compare them with the results from the simulation. Ring slitting, although
assuming a linear distribution of stresses, is a very useful technique when compar-
ing levels of residual stresses between pipes. However, results can be misleading
if the deformation in the circumference direction is not accurately measured, and
because neither the pipe nor the deformed rings is a perfect circle this deformation
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will vary with circumferential position. Layer removal methods on the other hand,
provide a better picture of the residual stress distribution, which is a function of
the measured curvature, its derivative and its integral. The main source of error in
this method arises from the derivative term, which is very sensitive to experimental
errors and can significantly distort the residual stress distribution. This method
can be applied on rings, axial strips or a combination of both. It was found that
by using a coordinate measuring device to obtain the curvature of the samples it
was possible to resolve a very localised region of higher compressive stresses at the
outer surface of the pipe. Similar results in other materials (PMMA and MDPE)
have been reported, in which high compressive stresses at the surfaces of pipes or
quenched plates are measured by using precision measuring devices.
Residual stresses on the PE core of bilayered pipes were also determined. It was
found that the presence of a PP skin reduced the temperature gradients at the
moment of solidification and that residual stresses within the pipe were reduced
by approximately one third for 0.4, 0.8 and 1.5 mm skin thicknesses.
Pipes were annealed at 80◦C for different periods of time. A significant reduction
in residual stresses was found after annealing. A reduction of more than 50% was
found after 7 days annealing, while a reduction of 15% and was found after 1 day.
An increase in crystallinity of ∼4% was found for the inner surface of the annealed
pipes (7 days), however, the crystallinity in the rest of the pipe increased only by
∼2%.
8.4 Effect of residual stresses on pipe perfor-
mance
PE pipes offer several advantages such as low cost, fatigue resistance, toughness,
durability, ease of installation, among others. However, despite all its advantages
and long predicted lifetime (much longer than the minimum 50 years of design life),
failures in the field do occur. These failures usually involve the joints between the
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pipes rather than the pipe itself, and on other occasions the damage inflicted to
the pipe during handling and installation, such as scratches, can lead to failure by
crack propagation.
8.4.1 Barreling
When a thermoplastic pipe is cut to length, residual stresses are released, causing
local bending. This gives the end of the pipe a barrel shape, that is, the cut ends
taper inwards, decreasing the diameter of the pipe. These variations in diameter
at the cut ends can be inconvenient in electrofusion joints as they can increase the
gap between the pipe and the fitting, resulting in a lower interface temperature
and an insufficient build up of the melt pressure as the melt flows outside the
fusion and cold zones. Barreling was investigated in solid (110–250 mm SDR 11),
peeled (0.4, 0.8 and 1.5 mm skin) and annealed pipes.
Shell theory was used to calculate the deflection of the pipe wall in the radial
direction. The solution for the case of a cylindrical shell bent by moments dis-
tributed along its edges was used. It was assumed that residual stresses are equal
in the axial and circumferential direction (results in Chapter 4 showed they are
very similar) and thus the bending moment was calculated by integrating the pre-
dicted circumferential residual stresses. Experimental data was collected and a
very good agreement was found with the predicted results.
A similar profile was found for all the pipes: the diameter at the cut end is smaller
than the nominal value, then it overshoots to a maximum, and finally it decreases
to the nominal value. The diameter gap was defined as the difference between the
minimum and maximum diameter, it was found that for solid pipes it represents
approximately 1-1.2% of the pipe nominal diameter. Comparing these gaps with
UK industry standards it was observed that for diameters greater than 150 mm,
the gap introduced by barreling is higher than the maximum allowable gap, and
that the difference between them is more significant for larger pipes as the allowable
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gap decreases with increasing diameter. Because pipes need to be scraped prior
to EF joining, the gap is increased even more.
In the case of peeled pipes, the gap decreases with increasing skin thicknesses as
residual stresses are lower. A similar trend was found for annealed pipes in which
the gap decreases with increasing annealing time, converging to a minimum value
after 120 hours for 110/11 pipes.
8.4.2 Rapid crack propagation in monolayered pipes
To investigate the effect of residual stresses on RCP, S4 tests were performed on
110/11 PE pipes with different thermal history: ‘as-received’, peeled from skinned
pipes and annealed for different periods of time. It was found that annealing the
pipes significantly improves RCP performance by decreasing their critical temper-
ature. Annealed pipes were tested down to -31◦C and in most cases propagation
was not found.
However, because thermal history determines not only the level of residual stresses
but also crystallinity, this improvement in RCP could not be attributed to a re-
laxation of residual stresses alone. Two different experimental techniques were
used to modify one of these variables at a time and thus to allow their effect on
RCP to be investigated separately. First, pipe bore crystallinity was significantly
reduced by locally heating and melting a layer of material at the inner surface
of the pipe followed by water cooling. Residual stresses were measured by ring
slitting and it was found that, as expected, they remained almost unchanged. S4
critical temperature decreased. This was attributed to a change in the polymer
morphology in which a greater number of tie molecules in fast cooled PE leads
to a higher energy dissipation prior to fracture. However, this decrease in critical
temperature was not as significant as the one found in annealed specimens, lead-
ing to the conclusion that the effect of crystallinity on RCP performance is not as
significant as the effect of residual stresses.
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The second heat treatment consisted of heating the pipe only from the outer surface
using six infrared heaters. The temperature was constantly monitored to ensure
that the inner surface temperature remained cool. A reduction of approximately
13% of residual stresses was achieved while keeping the bore crystallinity constant.
A decrease in S4 critical temperature of 5◦C was found.
Previous studies have suggested that residual stresses affect RCP in two opposite
ways: they increase the stored energy prior to crack propagation thus helping to
drive the crack, but they decrease the crack driving force during propagation due
to the released moment that tends to close the flaring pipe wall. The improvement
in RCP performance due to residual stress relaxation suggests that the effect of
decreasing the stored strain energy with annealing is more significant than the
effect of the residual bending moment. Also, unusually short crack lengths after
the initiation impact prior to propagation suggest that the effect of residual stresses
is more significant during crack initiation (stored strain energy effect) than during
propagation (residual bending moment effect).
Finally, it was suggested that the effect of residual stresses on the crack front
shape, which affects the fracture resistance of the pipe, is also contributing to the
improvement of RCP performance. When residual stresses are lower, the applied
internal pressure outweighs the negative flaring induced by the residual stresses,
which twists the crack surface and drags the crack front back on the bore surface,
increasing the average fracture resistance.
8.4.3 Rapid crack propagation in bilayered pipes
The RCP performance of bilayered or skinned pipes consisting of a PE100 core
and a PP skin was investigated. It was found that the addition of a thin skin (0.4,
0.8 and 1.5 mm) increased the S4 critical temperature 3–4◦C. This ‘embrittlement
effect’ is attributed to an increased constraint, which according to previous models
is mainly affected by the elastic moduli of the skin and core and the adhesion at
the interface. Because tensile tests showed that the elastic moduli of the three
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skins were very similar, the investigation focused on the effect of adhesion and
also on the effect of residual stresses.
It was found that higher adhesion leads to higher constraint and thus higher S4
critical temperature. However, when both adhesion and residual stresses were
modified during annealing, it was found that the effect of residual stress relaxation
is more significant on RCP performance than the effect of increasing adhesion.
8.5 Recommendations for future work
As mentioned in Chapter 3, an essential requirement in the use of the post-
extrusion cooling process simulation is the appropriate knowledge of the material
properties and processing conditions. Although many of the material properties
were found experimentally, most of the processing conditions used in the simu-
lations were taken from the literature. In order to improve the accuracy of the
predicted thermal history and thus the accuracy of the crystallinity profiles and
residual stress distributions, it would be necessary to know the processing condi-
tions directly for the specific extrusion line. This will require closer work with the
pipe manufacturer to obtain more information about extrusion parameters such as
melt temperature, extrusion speed, number of spray units, water temperature and
the length of annealing zones, among others, without disturbing the production
line.
When using the layer removal method to measure residual stresses, a common
practice is to use a milling machine or a lathe to remove different layers of material.
Although this is a fast and relatively accurate method, machining a polymer, even
at low speeds, can lead to softening or melting of a thin layer, which will affect the
measured residual stresses especially at the surface. Using a pipe scraping tool, as
the ones used prior electrofusion joining, can be a good option.
Although the effect of crystallinity was analysed in this investigation, the effect
of morphology was not considered. Previous work by Ravi [163] suggests that the
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increase in toughness for annealed HDPE specimens is due to the formation of a
fibrillar structure during annealing, which promotes the occurrence of cavities or
microvoids as the material yields in tension. Therefore, microscopic observation of
fracture surfaces might be useful to elucidate not only the effect of morphology on
the pipe RCP resistance, but also whether residual stress relaxation is the major
contribution to RCP performance after annealing, or morphology changes are also
playing an important role.
Finally, the effect of residual stresses on the crack shape needs to be investigated.
As mentioned in Chapter 6, it is possible that when the internal pressure needed
to drive the crack is greater than the static pressure induced by the residual
stresses, positive flaring occurs, which twists the crack front dragging it back and
thus increasing the fracture resistance. At the time this project was concluding,
observation of the crack shape of pipes tested at low pressures were promising,
as a shift between symmetrical and asymmetrical crack fronts were observed with
varying internal pressure.
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